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PREFACE 


This Instructors' Manual provides solutions to most 
of the problems in the Second Edition of ANTENNAS. All 
problems are solved for which answers appear in Appendix 
D of the text and in addition solutions are given for a 
large fraction of the other problems. Including 
multiple parts, there are nearly 600 problems in the 
text and solutions are presented here for about 85 
percent of them. 


Many of the problem titles are supplemented by key 
words or phrases alluding to the solution procedure. 
Answers are boxed. Many tips on solutions are included 
which can be passed on to students. 


Although an objective of problem solving is to 
obtain an answer, I have endeavored to also provide 
insights as to how many of the problems relate to 
engineering situations in the real world. 


The Manual includes an index to assist in finding 
problems by topic or principle and to facilitate finding 
closely-related problems. 


The Manual was prepared with the assistance of Dr. 
Erich Pacht of the Ohio State University Radio 
Observatory. 


Professor John D. Kraus 

Dept. of Electrical Engineering 
Ohio State University 

2015 Neil Ave. 

Columbus, Ohio 43210 
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TEXT AIDS 


Note that the running head at the upper right of 
each right-hand text page lists chapter and section 
number (with section title) which facilitates locating 
equations. 


Note that video tape teaching aids are listed on 
page 865 of the text. 


Computer programs are given (in the text) 
or can be written to facilitate the solution of 


many of the problems in particular 


4-4, 4-22, 4-24, 4-26, 4-31, 4-32, 4-35, 
4-36, 4-38, 4-40, 4-47, 7-2, 7-3, 9-2, 
9-6, 10-17) 10-2 etl -3, blre8)  vi-18, 
P1341 297 Olay heho= lo, LO-16, "6-19, 
18-13. 


The time required to write a new program 
may be worthwhile not only on long calculations 
but also on shorter ones which are repeated 
with changes only in some parameters. 
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PROBLEM SOLUTIONS 


CHAPTER 2. BASIC ANTENNA CONCEPTS 


2-1 Directivity. 


Prom (2-6-1) 


where 


Therefore 


Note that 


So 


or 


Radiation intensity. 


Tee U(8,¢) max 
Vav 


U(®,¢) max aa S(8,¢) max ré 


a: 
Uav = ag | fag¥(@-o) an 


U(8,¢) = S(8,¢) r2 
* 
5(0,9) = ELOrd)EX (0/0) 
Z 
E (8,6) maxE*(8,%)max y2 
D = eT te S20" eA 
1 E(@,¢)E*(6,%) _2 
* | ee : OE EAD 
r2 = area/steradian 
U = Sr2 
watts watts 
Ciel nde Pes x meter2 
steradian meter2 


q.e. 


e—e2 Directivity. Aperture efficiency. 


If the field over the aperture is uniform, the directivity is a 
maximum (= D,) and the power radiated is P'. For an actual 
aperture distribution, the directivity is D and the power radia- 
ted is P. Equating effective powers 


EavEav ine 
L] 
Teta Be aoe Repair kil ae RO) he 
Pate {| E(x, Y)E*(X/Y) ayay 
a) Z 
where Eav = ae ie E(x,y) daxdy 
Ap p 


E(x,y) dxdy IJ E*(x,y) dxdy 
therefore aes wee! Jap Ev) axay Jf, Ete yD axay q.é@.d: 


we 
[Ja Bey) B* (x,y) dxay 
p 
where 
EavEavAp os EavEAv 


[Ja pb ox E* Gey) axdy 2 ff eevee Gey) axay 


are ay Ae oS 
2 eP 
(E“) av Ap 


223 Effective aperture. Beam area. 


Qa & OypdyHp = 30° x 35° 


ae 32 
Aem = — 2% 2) ie h2 = 3.1 22 


rey 30713 55 


*2-4 Effective aperture. Directivity. 
D = 4m Ae /A2 


2 
Pepin Monon yee Tip 6, x2 


4n 4n 


2-5 Received power. Friis formula. 


k= -c/f=3 x 108/109 = 0.3 m 


D+ A2 Re ee 
4n 4n 
Py = Pt Eoete stare = Pt Dt _A* Dy 2° 
r2)2 (47)2 r2 22 


316.5% 0.32 x 100 


SD et eee) OD COLOR W 


(47)2 5002 


*2-6 Spacecraft link over 100 Mm. Friis formula. 


\-= ¢o/f,= 3 x 108/2.5 x 109 = 0.12 m 


D 42 
An 


Ast: = Ae; = 


Py (required) = 100 x 10712 = 10710 w 


r2 2 _ (4m7)2 r2 }2 


ae r 
Aet2 D2 14 


= Py 


10966 W ™ 11 kW 


reo(an)? _ ALO 1016 (47) 2 
D2 \2 10© 0.122 


10.8 mw 


2-7 Spacecraft link over 3 Mm. Friis formula. 


2-8 


h=c/f = 3 x 108/2 x 10? = 0.15 m 


D A? 
Bet = 2eres 
4m 
Py = 100 x 10712 = 10719 w 
2 42 4n)2 r2 2 
Nat Rey D »2 42 


2 12 
TOR LO ee em Ee ee Nl aig ge 


4x 104 x 0.152 


Mars link. Friis formula. 


(a) 


0.12 m 


h = c/f = 3 x 108/2.5 x 109 


Py(earth) = 10719 x 5 x 106-= 5 x 10714 -w 


Py(Mars) = 10717 x 5 x 108 = 5 x 1o-ll w 
Take Ae(Mars) = (1/2) 7 1.52 = 3.5 m2 (€ap = 0.5) 
Take Py (Mars) = 1 kW 
Take Ae (earth)e=. (1/2) 1, 15°)= 350 m2 (€ap = 0.5) 
r2 2 
Pe (Canth) poee (Mars) 
Aet (earth) Ae; (Mars) 
SZ 2 
Petearth) = 5x i072 (360. 2x. ox 71 0S) Se Our 


Bho. ke 0 


6.9 MW 
To reduce the required earth station power, take the 


earth station antenna 


Rew a0 1/2 ek 0-1 3927 m2 


2-8 


continued 


so 


Py (earth) = 6.9 x 10© (15/50)2 = | 620 kW 


Aet (Mars) Ae;y(earth) 


P; (earth) 
r2 2 


Pt (Mars) 


Sao x, 3950 


Seu (ORR Care er 
(360 x 3 x108)2 0.122 


8 x 10>14ey 


which is about 16% of the required 5 x 10713 W. The re- 
quired 5 x 10713 W could be obtained by increasing the 
Mars transmitter power by a factor of 6.3. Other alter- 
natives would be (1) to reduce the bandwidth (and data 
rate) reducing the required value of Py or (2) to employ 
a more sensitive receiver. 


As discussed in Sec. 17-3, the noise power of a receiving 
system is a function of its system temperature T and 
bandwidth B as given by 

P = kTB 


where k = Boltzmann's constant = 1.38 x 10723 JK71 


For 5 


5 x 10© Hz (as given in this problem) 


and T 50 K (an attainable value), 


P(noise) = 1.38 x 10723 x 50 x 5 x 108 = 3.5 x 10715 w 


The received power (8 x 10714 W) is about 20 times this 

noise power, which is probably sufficient for satisfactory 
communication. Accordingly, with a 50 K receiving system 

temperature at the earth station, a Mars transmitter power 
of 1 kW is adequate. 


continued 


2-8 continued 


(b) 


The given Jupiter distance is 40/6 = 6.7 times eae 
Mars, which makes the required transmitter powers 6.7¢ = 
45 times as much or the required receiver powers 1/45 as 


much. 


Neither appears feasable. But a practical solution would 
be to reduce the bandwidth for the Jupiter link by a 
factor of about 50, making B = (5/50) x 10© = 100 kHz. 


*2-9 Moon link. Friis formula. 


From 


and 


From 


Me= CL = 3x11 00/ 1 ox 0 eo 


(7-4-7) the directivity of the moon helix is given by 


2 
Aet (moon) = es 
41 
Friis formula 
rg Peres) hen Daag area 
Pe Ast Pt D 2 


5 V100 42 (3x LO Sn sel ed) a0 Aor 
2 x 60 


= “10 152. m29eReP or about 14 m diameter 


2-10 Crossed dipoles. Polarization. 


(a) (b) 


(Cc) 


From (2-36-3) 


Sin) 26 = sin. 2 ¥ sines 


where y = tan! (E9/E,) = 45° 
6 = 45° 
€ = 2230 


*2-11 Two LP waves. Polarization. 


(a) From (2-34-8) AR = 3/2 = | 1.5 


(CC) AGE 


1 
bi 
T 
< 


At t = 1/4, E = -Ey 


Therefore rotation is 


2-12 Two EP waves. Superposition. 


Ey = Ey + Ey 2.Co0s ot + cos @t"=)3) cos wt 


S COcm( ets FT /2) 3 Sos fer — 9/2) 


bd 
* 
| 
bl 
<= 
+ 
fa 
| 


= -6 sin wt + 3 sin ot = -3 sin wt 


(a) Ey and Ey are in phase quadrature and 


(b) At t = 0, E= ¥3 


AR 


At t = T/4, E = -23 


Therefore rotation is CCW 


*2-13 Two LP components. Tilt angle. 
Y = tan7] (E2/E,) = 45° 
6 = 72° 
From (2-36-3), € = 369 


Therefore AR = 1/tan € = Ivo (b) 
continued 


*2-13 continued 


From (2-36-3), sin 27 = tan 2€/tan 6 


or Tr = [ 45° | (Cc) 


*2-14 Two LP components. Poincaré sphere. 


Y = tan71 2 = 63.40 
6n= seo 
€ = 24.89 and AR = (b) 


ej 
I 


*2-15 Two CP waves. 


Resolve 2 waves into components or make sketch as shown. It is 
assumed that the waves have equal magnitude. 


Zz 
va wave, t 
| Ne, 
Za 


y wave, 


" 
S 


Total E 
t = T/4 


Daal) 4 


At t= 0 
and t >= 72/2 


«Locus of E 


X wave 
t = “ Total E total E = 0 
VA t = 37/4 
x 
X wave | 
t= 20 


Locus of E is a straight line in xy plane at an angle of 45° 
with respect to x (or y) axis. ans. 


2-17 Spaceship near moon. 
Pt 10 
(47) r2 4m(380 x 106)2 


(a) PV at earth 


5.5 x 10718 w 


(b) PV =S = E2/zZ or E = (SZ)* 


or E = (5.5 x 10718 x 377)% 


(a) Photon = hf where h = 6.63 x 10734 J3 s 


(c) t = xr/c = 380 x 106/3 x 108 


Bier eaixtic-* x 2)% 107 = 1.3 x 1077? J 
This is the energy of a 2.5 MHz photon. 


From (a), PV = 5.5 x 10718 3 s-1 m-2 
Therefore, 


-18 
number of photons = Bee RON evita. 2 x 10° m2 s-) 


1i3oy 107 4 


*2-18 CP waves. Superposition. 


at +45° (and 225°) 


E= 5+2=7 
ate 4 lands)” ) 


Bik 5 
(a) AR = = -7/3 = (Note: minus sign for RH 
(right-handed) polarization] 


continued 


*2-18 continued 


(byt = from diagram 


(Cc) Ez since E rotates counterclockwise as a function of 
time. 


2-19 EP wave. 


(ay TAR} =93/2 = |. 255 


*2-20 CP waves. 


(a) aR = 272 = | -s | 


2-3 
(b) 
Beene aes 
(Cy SPV es _—L R = 0.034 W m2 
zZ 577 


il 
rs 
=} 
= 
=| 

I 

N 


2-21 EP waves. Superposition. 


(a) Ey 


5* COS V@:O 4h 37 COS Wicd a4, COS JUTL=) 12 COS at 


Ey = 3 sin wt + 3 sin wt - 4 sin wt = 2 sin wt 


wr -[e] 


YP 
wa 
Il 


10 


2-21 continued 


(b) 


(Cc) 


Since Ey, and Ey are in time-phase quadrature with 
Ex(max) > Ey(max), 7 = 0°. 

Or from (2-36-3) 

Sin 2T = tan 2€/tan 6 

€ = tan71 (1/AR) = 9.46° 


but 6 90° so 


tan 6 


Therefore T = 


co 


at t = T/4 (wt = 90°), Ey = 0, Ey = 2 


Therefore rotation is CCW, so polarization is right 


elliptical, 


*2-22 


CP waves. Superposition. 


(a) 


(b) 


pee FINE 2 6 TI 
vA) 


When wt = 0, Ey = 2 /0° and Ej = 4 /-45° 
When wt = -224°, Ey = 2 /-22%° and Ej = 4 /-22%° 


so that E) + Ey = E max = 6 /-22%59 ort = 


continued 


13h 


*#2-22 continued 


(Cc) 


Note that the rotation directions are opposite for Ey; and 
E) so that for -wt, Ey = 2 /-wt but FE) = [twee 
Also, 1t can be determined analytically by combining the 
waves into an Ey and Ey component with values of 

Eye= 5-60) 7-30.42 

Ey = 25m lon 
from which 6 = -46.7°. 
Since from (a) AR = 3, € can be determined and from 


(2-36-3) the tilt angle rt = -22.5°. 


E) > Ey so rotation is CW (LEP) 


2-23 More power with CP. Poynting vector. 


From (2-35-13) we have for rms fields that 


2 2 
BV tak See ee ie 
Zo : 
For LP, E, (or Ej) = 0, so Say= —2 
Zo 
2E* 
For CP, Eq, = E92, SO Say = —1 
Zo 


Therefore Scp = 2 Srp 


2-24 PV constant for CP. 
Ecp = Ex cos wt + Ey sin wt 


where Ey = Ey = Eo 


Le 


2-24 continued 


veo 


= (EZ cos? wt + EZ sin? wt) % 
= Eo(cos2 wt + sin? wt)? = Eg (a constant) 
Therefore PV or S(instantaneous) = £6 (a constant) 


Z 


*2-25 EP wave power. Poynting vector. 


From (2-35-12) 


Say = (1/2) 2 (Hj + H3) = (1/2) 377 (uy/er)* (Hy + #3) 


(1/2) 377 (2/5)% (32 + 42) = 2980 W m2 


Pe= A Say = 5 xX 2980 = 14902 W = 14.9 kW 


2-26 Circular-depolarization ratio. CP components. 


Any wave may be resolved into 2 circularly-polarized components 
of opposite hand, Ey and Ej for an axial ratio 
aR = Emax = | Er + Fl 


Emin By} 


from which the circular depolarization ratio 


poi. aR gd 
Er AR +1 


Thus, for pure circular polarization, AR = 1 and there is zero 


depolarization (R = 0), while for pure linear polarization 


AR = © and the depolarization ratio is unity (R= 1). 


When AR = 3, R= 1/2. 


2-27 Superluminal phase velocity near dipole. 


(b) Two examples are in waveguides and on small helices (see 
Fig. 7~28 in text). 


1 


CHAPTER 3 


POINT SOURCES 


*3-1 Directivity. 


(a) 4 4 
8 ew 

Qn | i Ue an 
aay 1p 


If U = Um sin © sin? ¢, for O<e<m and 0<¢<z 


Lean 4n 
T 
| | sin © sin? ¢ sin © ded¢ 
0" O —_——_Y 
an 
oe 4m 
T 1 
| | sin? © sin? ¢ ded¢ 
‘Cham 6) 
1 s . 1 
where | Sine Opdoie ee as ei 26| = 
0) 2 4 0 
q 1 
and | sin? ¢ dg = 7 
0 2 
Therefore, 
Die Ps ee golue wie 7 
m2 /4 
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*3-1 continued 


If U = Up sin © sin? ¢, for O0<@<ma and O0<¢<7 


dies 7 4 
| | sin? @ sin? ¢@ ded¢ aly pe Sad 
0) AES ae 
If U = Um sin? © sin? ¢, for O<@<m and O<¢<7 


47 47 


T 1 4 
| | sin? 6 sin? @ ded¢ (ye 
0 | 
(b) Half-power level = half radiation intensity level 
For sin 6, U-pattern (as in sketch) 


HPBW = 2[90° - sin71 (1/2)] = 120° 


For sin? @ (or sin2 @), 


HPBW = 2[90° - sin71 (1//2)] = 90° 


For sin? ¢, 


2[90° - sin71 (1/7 3/2)] 
750° 


HPBW 


Therefore, for sin © sin? ¢ pattern, 


ps) a 
D= SEAS = pee = 3.80 (vs. °5.41. €xXact) 


Cup ¢HP 120°x 90° 
(1.3 dB difference) 


continued 
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*3-1 continued 


For sin © sin? ¢ pattern, 


D = seer 0 ON = 4.56 (vs. 6 exact) 


120 x 75 (1.2 dB difference) 


For sin? © sin? ¢ pattern, 


D= ieee (vs.'7.07 exact) 


OO xr 7-5 
(0.7 GB difference) 


3-2 Directivity. 


If U = U, cos" 6 


Dn = 4m = 2 
N72 n+1 1/2 
Qn | sin @ cos” @ de ag dine e | 
0 nee 0 


*3-3 Solar power. 


(a) 


in-l om72 
g 2) .7 22. Gical Min’ s CMiy= 911539 i wecmme 1 scone. 


to roucala mn ine 


(b) 
P(sun) = S x 4mr2 = 1539 x 4m x 1.492 x 1022 wW 


4.29 x 1026 w 
(Cc) é ‘ 
Ses ele/ 46,68 Biz (SZ5)% = (15395%.877)2 = 762 V m1 
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3-4 Directivity and minor lobes. 


jae Ves 41 
Na 2m + Qm, 


total beam area 


where Na 
Ny = main lobe beam area 
= minor lobe beam area 


as Oy —= 0, Na——Nn, so D = 4m/Qm (a constant) 


+) 
= | 
| 


3-5 Directivity by integration. 


Exace Values for (a), (b) and (c) are 4, 6 and 8. 


3-6 Directivity. 


Assuming a unidirectional pattern 


(05057/2);,. D = | 24 | 


‘a 


CHAPTER 4 


ARRAYS OF POINT SOURCES 


4-2 Four sources in square array. 


(a) Epn(¢) = cos (Bd cos ¢) - cos (fd sin ¢) 


4-7 Eight source D-T distribution. 
(ay 0574. .0.42" 0.75, Ya00.1.. 00 wiOn7 598 07 401 ees 
(pb) 2 Maxc.cats $1219 427 OG Ore art mG oy 85 4 oe 


+7969) t°11990" + 73207 + 440° +153 Cele 


Nulls at: + 189, + 239, + 329, + 429, + 54°, + 710°, 


I+ 


109°, + 126°, + 1389, + 148°, + 1579, + 162° 


4-14 Field and phase patterns. 


See Figures 4-16 and 4-17. 


4-24 Twelve source end-fire array. 
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4-26 Twelve source end-fire array with increased directivity. 


4-31 Directivity of ordinary end-fire array. Change of variable. 


It is assumed that the array has a uniform spacing d between 
the isotropic sources. The beam area 


2 
a, = an Eeweorn sin (n¥/2) "| sin @ ded (1) 
sin (¥/2) 


where © = angle from array axis. 


The pattern is not a function of @ so (1) reduces to 


1 . 2 
Q, = eae eons sin 6 de (2) 
n 0) sin (¥/2) 
where ¥/2 = ma, (cos GO) =i21) C2 a) 
Differentiating 
d ___ = md,sin @ de (3) 
2 
Or, sin 6 d@ = : vht.t (4) 
1 d, 2 


and introducing (4) in (2) 


Papeete fri Bee (9/2) bs Ky (5) 
sin (¥/2) 2 


Note new limits with change of variable from ® to ?¥/2. 


When © = 0, ¥/2 = 0 and when @= 7, ¥/2 = 27d, . 


continued 
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4-31 continued 


n-1l 


; 2 
Since ae =n +) 2(n-k)cos (2k¥/2) (6) 
sin (¥/2) ety 
(5) can be expressed 
27d) is (7) 
- 2kY/2 
a= rei L “tn +) 2(n k)cos (2k¥/2) ] ft 
k=1 
Integrating (7) 
n-1 
27a 
Bi 2 y y 2\(n— kee y | A 
2, = ay jacked Sie = a See SUT (ie Keres) (8) 
s nad 2 2k 2 0 
r k=1 
OT 
nei 
2 n-k : 
= 9 
1, = —y,— [2mnd, + sin (4mkd,)] (9) 
hid k 
d k=1 
AN 2nd 
and 5 1 eh aa RR a AC Mae at ee a ea (10) 
9) n-1 
ts 2mnd, + » Rein (41kd, ) 
r k r 
k=1 
Therefore 
D = » q.e.d. (11) 
jateedl 


sin (4mkd/)) 


1 + (A/2mnd) ye 


We note that when d = (1/4, or a multiple thereof, the sum- 
mation term is zero and D = n exactly. 


This problem and the next one are excellent examples of inte- 
gration with change of variable and change of limits. 


The final form for D in (11) above is well adapted for a com- 
puter program. 
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4-32 Directivity of broadside array. 


The solution is similar to that for Prob. 4-31 with 


ae = ma, cos 8 


2 


where 8 = 0, Y¥/2= ma) and when @ = Tipe [2 = “7a, so that 
(8) of Prob. 4-31 becomes 


n-1l 


at KS | 
= 2 y (n-Kk)-s.3 y id d 
2, = Nee Ds Se er ie Re) 
A na 2 k 2  _l+na 
d bel r 
n-1l 
is 2 n-K ; 
ay = —— [27nd, oe sin (2mkd, )] 
nd k 
r k=] 
n=1 : 
)2, |= aeereree [mnd, + Bok isin (27kd,)] 
io k 
r k=1 
2 
p= 4" = Ee 
Q n-1 
: ma, + nvK sin (27kd, ) 
k=1 . 
D= ai q.e.d 
tae n-k _. 
1 + (A/mnd) ws sin (2mkd/)) 
k 
k=1 


Note that when da = i/2, or a multiple thereof, the sum- 
mation term is zero and D = n exactly. 


See application of the above relations to the evaluation of D 


and of the main beam area Mag of an array of 16 point sources in 
Prob 11-34 (c) and (ad). 
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*4-34 Three source array. Dolph-Tchebyscheff distribution. 


Let the amplitudes (currents) of the 3 sources be as in the 
sketch 


Ay 2A0 Ai 


d=A/2 , R= 10 


Let amplitude of center source = 1 = 2A9 


n-1 = 2, To(x) = 2x2 -1=R, 
2 2 
Pee ES hey Pec 11h 
x? = 5.5 x = + 2.345 
fe) ae ie OT a 
re 2 ¥ 
E, = 2A, + 2A COS) (2°) =" 2A FUZZ AR 2COS mee a) 
3 0) 1 0 1 
2 2 
Fea son act ON (2w? - 1) 
3 6) 1 
Let w= X/ Xo so 
x? Ey Nips ee 2 
E. = 2A5 oF 2A, (2 7 1) = Beers rg 2A, = 2A, = 2 Xoueed 
fe) fe) 
E, = 0.728 A.x* + (AN = 2A Ben aly 
3 ; 1 : 0) a Lge ts 
Therefore OP7as A, = 2 and A, = 2.75 
2Ay = 2A, = -1l and 2A5 = 95. S5e— l= 4,5 
hae + ogee nie i 
thus; mormalizing. 2A. = 1 and A.= O762) 
0) Bt 4.5 
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4-34 continued 


Amplitude distribution is 

0.61 1.00 0.61 
Pattern has 4 minor lobes. 
For center source, amplitude = 1. 


The side source amplitudes for different R values are: 


R Ai 
8 0.64 
10 0.61 
12 0.59 
15 0.57 


*4-38 Two sources in phase. 


, Cigar-shaped 
(a) Power pattern P. = ED J itis lobe 
Q° 


Cone-shaped 
intermediate lobe 


Disk-shaped 
broadside lobe 
=i 20° 


continued 
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*4-38 


continued 


Instructional comment to pass on to students: 


The lobes with narrowest beam widths are broadside (+909), 
while the widest beam width lobes are endfire (0° and 180°). 
The four lobes between broadside and end-fire are intermediate 
in beam width. In three-dimensions the pattern is a figure-of- 
revolution around the array axis (0° and 180° axis) so that the 
broadside beam is a flat disk, the end-fire lobes are thick 
cigars while the intermediate lobes are cones. The 
accompanying figure is simply a cross section of the three- 
dimensional space figure. 


TE 


4-39 Two sources in opposite phase. 


Maximum at: 0°, 180°, + 70.59, + 109.59 


Nulls at: + 48.2°, + 90°, + 131.8° 


4-41 Three unequal sources. 


Phasor addition 


B=4.79 FE} 
Bs 
E 
West o> 14¢-- ce een — She ee ~@—e East 


North 
South 
East 
West 
’ North-East 
North-West 
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4-45 Stray factor and directive gain. 


Stray factor = Qm 
7 


total beam area 


where Na 


main lobe beam area 


~~ 
ic 
I 


minor lobe beam area 


~~ 
3 
Il 


{| Py (8,9) aN 


OA J Py (8,¢) aN 
4m 
Average directive _ : ~ x 
gain over minor = DG. (minor) = eae J DPy(8,¢) aN 
lobes M 4n-ly 
where D = 47/Dy 
{| 4mPy (98,9) AN 
Therefore DG, (minor) ao ea 4n~-Oy 
4n-Oy Qa 
— 2st Qi 
4n-QmM NA 


If Ny << 4m (antenna highly directive), 


R 


DG. (minor) sen (stray factor) q.e.d. 
Qa 
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CHAPTER 5 


THE ELECTRIC DIPOLE AND THIN LINEAR ANTENNAS 


*5-1 


For 


Electric dipole. 


Superposition. 


(a) V(at r) = a 


r— (L/2) cos#e6 


K 
ll 


ii 
Qo Sr (E/2)cos7.e 

2 
Q 1 a 1 
4m € ie - (L/2)cos ® r+ (L/2)cos at 
Q rt (B/2)cos*6@ =r + (L/2)cos 6 
ATE > +ieCL/ 2). .-cos ‘6 
r>>L, V= QLC CE ne q.e.d. 

4ner 
ST gre meagre ei Ee Aas 0 
or r 0e r sin @ 3¢ 
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*5-1 continued 


or 


E. ae QL cos 8 : E, = QL sin @ a Re [0 | 
Qner> Aner a 


5-2 2A antenna. 


COs .(277, cos, 6). —1 


=) BE, (©) 3 Sag iOre <2 hs ee > eae 


Ca = 209 Ak 
(c) R (at terminals) = 


*5-3 A/2 antenna. 


(b) R (at I 


(a) E, (9) = tan © sin [(7/2)cos 8] 


ae 
(c) R [from (b)] = 


R (Sinusoidal I) = 73-2 


R (short dipole) 


I 
» 
\0 
“I 
~ 


continued 


PAS | 


*5-3 continued 


(ad) 168 2 is appropriate for uniform current. 
73 2 is appropriate for sinusoidal current. 


197 2 assumes uniform current, but the short dipole 
formula does not take into account the difference in 
distance to different parts of the dipole (assumes \>>L) 
which is not appropriate and leads to a larger resistance 
(197 2) as compared to the correct value of 168 N. 


5-4 A/2 antennas in echelon. 


E(®) = Bolo ae) COS ae eae pecs cos [(m/4) + e] | 
sin @ 4 


*5-6 1X and 10A antennas with traveling waves. 


Ca) eet CMr(O—O— 5). 


sin ? {[ sin w (aoe - cos ¢)] 


E,(¢) = 5 


La pecosi® 


Patterns have 4 lobes. 


(b) Pattern has 40 lobes. 


*5-7 Isotropic antenna. Radiation resistance. 


2 
a Oil ree sie OO 
Big ig ee so S=E/Z = ea 
2 Led 


Let P = power over sphere = 4nrs, which must equal power 172 


to the antenna terminals. Therefore, Ter = 4nr°S and 


2 


Sale 4mr = = slieslee 19; 
i r© 1207 120 
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5-8 Short dipole. Directivity. Resistance. 


(a) E,(9) = sin 0 


etre ar 4m zt 40 
| a Pi gm ee SANTOR Tt AES ae 
A | | sin? @ an | { sin2 @ sin @ dean 
@) 0) 


= se as See ee ee ee rae or 1 76 abd 
3 4 2 


Il 
ee) 
ry) 
ioe) 
Nn 
a 


(a), From (a), = 81/3 


(e) “From ~(5-3-14)., 


i 2 2 
R= 790 ahs Le Sy 7904 ee) 4) 0187s of 
I 2 15 
o 

pete =n 5 ee | O.70 or-1.54; Bi 

Gee 7. 

FF a2 rec 2 

cc) A, = KA An where A am = i /Qy = a rN 


Therefore A, = ae et x 3 = 0.058 A 


0.873. F 1 81 


*5-9 Conical pattern. Beam area. 


AG 


360° 60 60° 
(ay of, 5= | | an = 20 | sin @ d@ = -27 cos 8 
0 0) 


continued 
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*5-9 continued 


Poh, apap ee = Re 


Na T 


5-10 Conical pattern. 


45° 
i phn | ein 00°" ae ee 
0 
6) Pe vor poutabariaagee eatin ter) 
Na 1.64 
(Gye Age = Alt 70! te 8 ae ee 
e em A 
2 
(a) R er 
ria 
Z 
1 awd se 
Bea fs ae ai! 50 = | 76.3 9 
2 377 
*5-11 Directional pattern in 6 and @¢. 
(2) E20 pay 0 ae 90° 
A, = | | osine dedg = - “"_ cos e| é 
0 45 3 45 


Il 
~ 
c= 
ioe} 
n 
ry 


2 2 


at 223 
— z 1.48 x<500 ee 


5 B77 


354 nN 


(cc) Rez 


2) 
Kh 
me 

Il 
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5-12 Directional pattern in 6 and @¢. 


(a) 90° 60° Z 60 
Qn» = | | Sin © d@d¢@ = - —__ cos 8 = 0.575 sr 
0 50° 2 O° 
30 
Dy ae etl 
0.575 
(By AG = AL alae yal se SS peer 
0.575 
ak 2 E? eh 2 22 
(c) Re = io OCS sore. = 6.78 0 
z Toe eee wy, 37 a7 
*5-13 Directional pattern with back lobe. 
(a) 30° ve 180° 
NA = 20 | sin @ de + eae = sin 6 de 
0 3 90 
= 2m (0.134 + 0.111) = 2m” x 0.245 
D = ct Seer. 16 
20 On 245 
(b) 1 hike 1 oo 
R= Reger fee! «me 20S 062435 4200 
si roe Z 47 1207 


- (ara) 


5-14 Short dipole. 


The current I given in the problem is a peak value, so we put 


=) 1° Ro | | Sr? an 
4 47 

Power Power 

input radiated continued 


ot 


*5-14 continued 


2 
where S = _F and E is as given 
ane ete 1 
so R_ = caro gr 2 Omani r? | sin? e de 
- 2 2 0 
I Ge 207, 


= 80n? (2/a)? = 


5-15 Equivalence of pattern factors. 


(1) Field pattern = wee  (4-6=83 
2 


where Y¥= Bdcos @ + 6 


sin Seed - pcos ¢) a) 


1 - pcos @¢ 


(2) Field pattern = sin @ (5-8-15) 


For ordinary end-fire ¥= Bd(cos @ - 1). 
Also if d is small (1) becomes 


ein; es (1 - cos oy | 


Be (1 - cos ¢) 


For large n, nd = b. Also multiplying by the source 
factor sin ¢~ and taking the constant 6d/2 = 1 in the 
denominator, (1) becomes 


Sing (1 - cos ?) | 


Gly == COsuG) 
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5-15 continued 


which is the same as (2) for p= 1 


a _2ntb = Bes q.e.d. 


ZC 2f£i 2 


since 


Note that for a given length b, the number n is assumed to 
be sufficiently large that d can be small enough to allow 
sin ¥/2 in (1) to be replaced by ¥/2. 


5-16 Relation of radiation resistance to beam area. 


Taking I as the rms value we set 


2 5 2 
aE R- = sr a, 
Power Power 
input radiated 
sr? 
Therefore RL = iar a. q.e.d. 
5-17 Cross-field. 
Hint: Find locations in the near field where |E;| = |EFe| 


and where Ey and Eg are in time-phase quadrature. There 
is one location in each quadrant. 


Heinrich Hertz published diagrams showing the locations in 
1889. See vol. 36 of Wiedemann's Annalen, 1889. 
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CHAPTER 6 


THE LOOP ANTENNA 


6-1 The 3\/4 diameter loop. 
Coe rl en G 
4 
From (6-5-8) or Table 6-2, the Ey pattern is given by 
J, (C, sin @) 


See Figure 6-9. 


-2 The 1A square loop. 


Pattern is that of 2 point sources in opposite phase. 


Referring to Section 4-2b we have for pihs = 20 ut San 
En(¢?) = sin (m cos ¢) 


resulting in a 4-lobed pattern with maxima at ¢@ = + 60° 


and + 120 °and nulls at 0°, + 90° and 180°. 


6-3 The ’/10 diameter loop antenna. 
Nx, is the same as for a short dipole ( = 87/3 sr). 
See Prob. 5-8a. 


Therefore, 


se e 2a 
Ao = A /Re G7 SRO lO toe 
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*6-4 Radiation resistance of loop. Bessel functions. 


From (6-8-13) for loop of any size 


2 2c) 
R. = 607 Cc, | Jo (Y) dy 
3 
where Oye FT 2 m2. 36 
N 
4 
2c, male: Sa fe 


From (6-8-16) 
2C, 2C, 
I. J5(y) ay = ie Joly) ay - 25, (2C,) 


By integration of the Joy) curve from 0 to 2c, (=4.71) 


2c, 
| J (y) dy = 0.792 
0 Oo 


From tables (Jahnke and Emde) 


J1(2C,) = J, (4.71) = -0.2816 


2c 
and | ‘3.(y) dy = 0.7920 + 2 x 0.2816 = 1.355 
0 


Therefore R- = 60 12 Zeook lesoo = 1894 0 


Round off to 1890 


6-5 Pattern, radiation resistance and directivity of loops. 
Since all of the loops have C) > 1/3, the general expression 
for Eg in Table 6-2 must be used. 

From Table 6-2 and Figures 6-12 and 6-13, the radiation re- 


sistance and directivity values are: 
continued 
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6-5 continued 


Diameter 


aed a 


6-6 Small square loop. 


Directivity 


: re 


2340 


14800 2 


The field pattern E(1,2) of sides 1 and 2 of the small square 
loop is the product of the pattern of 2 point sources in 


opposite phase separated by da as given by 


sin [(d;/2) cos ¢] 


and the pattern of a short dipole as given by 


cos ¢ 
or E(1,2) = cos ¢@ sin [(d;/2) cos 9] 
For small dad this reduces to 


E, (1-2) = cos? ren) 
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6-6 


*6-7 


continued 


The pattern of sides 3 and 4 is the same rotated through 90° 
or in terms of @ is given by 


E,(3,4) = sin*¢ 


The total pattern in the plane of the square loop is then 


E,(%) = E,(1,2) + E,(3,4) 


cos“¢ + sin*¢ =1 


Therefore E(¢) is a constant as a function of @¢ and the 
pattern is a circle. q.e.d. 


Circular loop. 


See Probs. 6-1 and 6-5. 


Radiation resistance and directivity values are: 


h/3 


Or fh DX 


2 


6-8 Small loop resistance. 


Z 2 2 
ey 
I ZI 


From (6-7-2) and Table 6-2, 


2 


|Eg| = pene ENCES sin 6 = Enaxern 'S) 
Syiea continued 


o:7 


6-8 continued 


(b) 


ND = 27 


1 
: 8 
| sine sin ®© d@ = 27 peda ar ieny 
0 3 3 
120°n4 Te a2 r? 81 
Re a 8 ane ae es ee oa 
eA P20 5571 3 
320 nT (A Vine N G.6-a. 
4 
Lo7 Cy n 
mle een: 
: A, =) x /Qy = ,) /4n q.e.d. 


6-9 Loop and dipole for circular polarization. 


Uniform currents are assumed. 


DIPOLE 


LOOP 


Ts 


As 


For equal p 


2 
Ti oop 


1207 I A sin 0 


Be Mes SSI) 2) needa ae 


E, (8) (dipole) = 


R,. (Loop) = 3 


R,. (dipole) = 


ower inputs 


R,. (Loop) =I 


2 
dipole 
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Gon 


ri 


20m* (A/27) 20 


Papas 
80m L. 


R,. (dipole) 


j} 607 I L sin © 


(1) 


(2) 


(3) 


(4) 


6-9 continued 


2 , De 
Ti oop x R,. (dipole) it 807 L, re 
ie ee ee eee, we Nae a nme ge, 
Taipole R,. (Loop) 320m (A/)A ) 
Lj 
Ss ge ey ney KP) 
4n(A/\') 
Th oop =) (7) 
1 bis ttle a conn 
Taipole pb Ate 
Therefore 
2 : 
1207 L, Taipole” sin 6 


E,(8) (loop) = eg 
? r \“2m(A/A‘*) 


60n1 L sin 6 


dipole (8) 


rr 


which is equal in magnitude to Eg(@) (dipole) but in 
time-phase quadrature (no j). 


Since the 2 linearly-polarized fields (Eg of the loop 
and Eg of the dipole) are at right angles, are equal in 
magnitude and are in time-phase quadrature, the total 
field of the loop-dipole combination is everywhere cir- 
cularly polarized with a sin © pattern. q.e.d. 


Equating the magnitude of (1) and (2) (fields equal and 
currents equal) we obtain 


—z (9) 


which satisfies (7) for equal loop and dipole currents. 
Thus, (9) is a condition for,circular polarization. 


Substituting A= —— continued 
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6-9 continued 


where d = loop diameter in (9) and putting C = 7d, 


2 2 
L Ta 1 Cc 
nasil mctpn— BAG —z = — (10) 
A 4x 2 r 
we obtain 
5 
a (2h) (11) 


as another expression of the condition for circular polar- 
ization. 


Thus, for a short dipole A/10 long, the loop circumference 
must be 


L 
Oe 0.1)? = 0.45 (125 


and the loop diameter 


ae ae ANAL 


ve 


or 1.4 times the dipole length. If the dipole current 
tapers to zero at the ends of the dipole, the condition 


for CP is 
L A 
= 47 —yz (13) 
r r 
d 5 
an CoG (L,) (14) 


For a }\/10 dipole the circumference must now be 


y 
Ce (0 sia ee o eaiee 
and the loop diameter 


Qu ONO 


1 

or approximately the same as the dipole length. 

The condition of (11) is applied in the Wheeler-type 
helical antenna. See Section 7-19, equation (7-19-4) 
anGgarprob., (7-6, 
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CHAPTER 7 


THE HELICAL ANTENNA 


*7-1 An 8-turn helix. 


(a) The relative phase velocity for in-phase fields is given 
DY e1 5-9) 4.25 
1 
p = 


P cos @ 
Sana. + 


st 


The relative phase velocity for increased directivity is 
Givem by. (7-5-12) 


From the given value of frequency and diameter D, Cc, can 
be determined. Introducing it and the given values of a 
and n 

p = 0.802 for in-phase fields 

p 


Te eee EEE 


7-2 A 10-turn helix. 


0.763 for increased directivity 


(a) See below. 


6 hp 4 108 
A = = = = x 
——y— OS Bg c TSO Ores ba 
10 
calesy fee ttry.2¢9 wong S$, = OOF mith), 233 
A als 023 


continued 
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7-2 continued 


(b) From (7-4-4) 


Oo oO 
(e) 
HPBW eee SC a Seren athe: © em enone 


c,(ns,)? POAT LOX O42 03) 


CG) Eromats—-4—7)) 


Dz 12 e ns, = | 30.7 or 14.9 dBi 


If losses are negligible the gain = D. 
(a) Polarization is ; 
(e) At 300 MHz, A= 3 x 108/300 x 108 = 1m 


C, = 0.314/1 = 0.314. This is too small for the axial 
mode which requires that 0.7<C)<1.4. 


From. (2-9-4) 


41 000 


32.5 


D = = 38 68), OLri1 5). 9 Rant 
or 1 dB higher. The lower value is more realistic. 


(a) The pattern from (7-7-3) is given by 


Sin (n¥/2) 


E,(¢?) = sin (90°/n) cos @¢ (1) 
sin bs 
2 
where y= 360°(S (1 - cos ¢) + (1/2n)] 


Calculation of the pattern is facilitated by using a com- 
puter. Thus, the first 2 factors of (1) are calculated by 
the BASIC program in Appendix B-2, 
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7-2 continued 


where in line 10: 


N = number of turns 

D = spacing = 8S) 

S = phase shift between turns = 27 S, + (m/N) 
MF multiplying or normalizing factor 


67 sin (7/2N) 


The factor cos ¢ is also required to account for the 
single turn pattern but this has only a small effect on 
the main lobe for long helices. This factor may by in- 
cluded in the calculation by changing line 80 to read: 


R = MF*ABS(R) *CA 


7-3 A 30-turn helix. 


(a) 


(b) 


(Cc) 


From (7-4-4) 


Oo Oo 
HPBW 2-7 eee ee oh eT ae 


iy 1 by 
Cc (ns) aa (30 x 0:2) 


For zero losses, G = D 


From (7-4-7) 


De= 12 ce nS, = 12 (1/3) 7 30 x 0.2 = 79400 29 GBi 


See note in text (p. 339) and also Prob. 7-2 above about 
using the BASIC program in Appendix B-2 to calculate the 
pattern. 


The end-fire array with increased directivity in Program 

4, Appendix B-2 has 24 sources with 0.25) spacing 

so nS, = 24 x 0.25 = 6 which is the same length as for, the 

above 30-turn helix with 0.2), spacing (30 x 0.2 = 6). 
continued 
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7-3 continued 


Therefore, the main lobe pattern in Fig. B-1-4 is nearly 
the same as for the above 30-turn helix, the single-turn 
pattern factor (=cos¢) having only a small effect on the 
main lobe. The HPBW of the pattern in Fig. B-2-4 is about 
230% 


7-4 Helices, left and right. 


Assuming that x is horizontal, 
(a) LHP 


(b) LVP 


*7-6 Normal-mode helix. 


See solution to Prob. 6-9. 


(b) E = sin 6 
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CHAPTER 8 


THE BICONICAL ANTENNA AND ITS IMPEDANCE 


*8-3 The 2° cone. 


From (8-2-21) for Z,, (8-4-4) and (8-4-5) for Zp and (8-4-6) 


for 2j, 
ea 270..+-3350..2 


8-4  Bow-tie antenna. 


Prom fo ols 


From Fig. 6-15 


Z =| 200 - j60 2 


8-5 Monotriangular antenna. 


From Fig.. 8-15 


8-6 Monoconical antenna. 


Eromsrig. -8-15 
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CHAPTER 9 


THE CYLINDRICAL ANTENNA; THE MOMENT METHOD 


9-2 Charge distribution. Moment method. 


Ql Q2 Q3 Q3 Q2 Ql 


Axis 


Divide rod into 6 equal segments. By symmetry charges are as 
shown. Neglecting end faces, the potential at point Pj> is 


given by 
Q Q Q Q Q Q 
HAD) oe : a ORM eM Mn Ste a PR ey TR ec _ | 
4ne Lif2 a’ U/3-aer flOita,  ¥e/26 a /50 a oo 


Writing similar expressions for V(P93) and V(P34), equating 
them (since the potential is constant along the rod) and 
solving for the charges yields: 


Q,: Q.,: Q, = L5S2)°3 “L062 45) eb. 000 


9-6 A/10 dipole impedance. Convergence. 


Using Zg values of Table 9-4, plot Rg vs. N to suitable large 
scale and suppressed zero and note that Rg approaches a con- 
stant (convergence) value as N becomes large which should 
agree with Richmond's value given following (9-17-34). 
Calculate R_ for larger values of N than 7, if desired. Do 
same for X 5° 
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CHAPTER 10 


SELF AND MUTUAL IMPEDANCES 


*10-1 A 5A/2 Antenna. Sine and cosine integrals. 


10-2 


From (10-3-49) 


Z Some oy ton Ly (2an) = "C1 (27n). + 3 Si (27n)'] 


a 
where n = 5 


Since 27n = 275 = 10” >> 1, we have from (5-6-18) 


oo bn, (LOR) 


Ci 54.107) = 0 
107 
and Trom 3 5-6-2 2) 
emery hh cree ee eee Oc Noe 2 lee ta 539 
2 107 2 107 


=} 
Qu 
wa 
Il 


11 209) Osa 7 to tlon) = 0) = eee Ab 
11 30) x beo3o Se 46.2 0 


~< 
il 


integrals. 


From (10-5-6) 


Parallel side-by-side A/2 antennas. Sine and cosine 


R,, = 30 (2ci(Ba) -ci[p(/a* + L* + L)} ae 
Vorpet/a; + L° — BL) 7} 
where ad = 0.15, . 
L = 0.5) 
and 
R,1 = 30(2Ci(0.942) - ci(6.42) - Ci(0.138)) 
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continued 


10-2 continued 


From (5-6-16) or Ci table or from Fig. 5-12a and from (5-6-18) 


we have 
30{ 02 60t —"O"=" 0.5779 — let oo} 


compare with Fig. 10-12. 
From (10-58) 
X= 01251 ed) =Sile C/d ero e en 


eu 


Si 


2 


- Si[B(/d-| + 1°. ee 


X51 = 730(28i(0.942) - Si(6.42) - Si(0.138)} 


From (5-6-20) or Si table or from Fig. 5-12b and from (5-6-21) 


we have 


~< 
H 


—30(18 — 1242) —00.ess 


compare with Fig. 10-12. 


10-3 Two A/2 antennas in echelon. Sine and cosine integrals. 


11 


Use (10-// -1.)", .(10=7=2:) 7, ((5-6—6)" and 705-6—2.0)) 
where h = 1.25) 


| O04 2:50A 


*10-5 Three side-by-side antennas. 


R, = Agee Rab ap Ro = 100 - 40 - 10 = 50 
Ry = R. = 2Rip = 100 - 80 = 20 
Ra = Ro = 5050 


48 


CHAPTER 11 


ARRAYS OF DIPOLES AND OF APERTURES 


*11-1 Two A/2-element broadside array. 
(ayy From (Gli-2-—27.) 7 


Gelb) (A/HW) = [2RQo/(R,4+ R,5)]° cos [(d,cos $)/2] 
In broadside direction @¢@ = 7/2 
SO G,(%) (Asawa = [2Ro9/ (Ry 4+ R15) 1° 
where Roo = Ria 2°73 64 22 


and Ry2 is a function of the spacing as given in Table 
10-1 (p. 427). A few values of the gain for spacings 
from 0 to 1A are listed below: 


Spacing Gain over 
A 1/2 reference 


PRR RPP PPP 
re) 
ron) 


» 
e 

Oo” 
c 


1.49 


mF OrOrO Orn 1O3@ (Or@ 
OUWMWON AUP WNF O 


(b) By interpolation, the highest gain occurs for a spacing of 
about 0.67A for which the gain is about 1.76 or 4.9 dB 
(=7.1 dBi). At spacings over 1) no gains exceed this. 


continued 
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11-1 continued 


Note that 
D(A/2) = 4% RAS (n72)/ 2° = 4m (30/73.1m7) = 1.64 or 2.15 aBi 


so D of 2 in-phase \/2 elements at 0.67) spacing is equal 
to 4.9 + 2.15 = 7.1 dBi as above. 


11-2 Two A/2 element end-fire array. 
(a) se Fron (ll -3=18)e 
G_(¢) (A/HW) = [2R9,/(Ry, - Ry) ] Sin [(d,cos ¢)/2] 


When da = j)/2, 


G_(b) (A/HW) = [2R5o/ (Ry, 7 R,>)] sin [(1/2)cos $] 


where Roo = R11 = 73.1 2 
and from Table 10-1, Ryoy =) welt 
SO Ge (>) (A/HW) = 1.31 sin [(/2) cos 9] 
For unit gain, 
sin [(7/2) cos $¢] = 1/1.31 = 0.763 


or cos ¢ = 49.8°/90° = 0.553 


and @ = | +569, +1240 


(b) When 1/4, 


G_() (A/HW) = [2R,,/(R,, - R,)] sin [(m/4)cos ¢] 


where Roo = Rai ay Be Sa ee 


and from Table 10-1, Ri> = 40.9 9 
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11-2 continued 


so Gfe(o) (A/HW) = 2.13 sin [(1/4)cos ¢] 


For unit gain, 


sin [(7/4)cos ¢]) = 1/2.13 = 0.47 


cos ¢ = 28°/45° = 0.62 and g = | +52°, +128° 
11-6 Two-element array with unequal currents. 
a 2 % 
(a) G,(9) = {R,4/(R,, (ita : ees 2aR, cos 6}} 


1 
x. (Ll + a* + 2a cos y)? 


where y= d,sin @e+ 6 


G_(%) = G_ (8) but with y= d cos @+ 6 


*11-7 Impedance of D-T array. 


(a) From Prob. 4-15 the 6 sources have the distribution: 


Normalizing the current for element 1, the distribution is 


P2007 <0.00)) 15:06) L208: 0.9007 27.:00 


Using impedance data from Chap. 10 and assuming thin 
elements, the driving point impedance of element 1 is 


continued 
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*11-7 continued 
Ry = 73 + 343 + 0.9 (-12 - j29) + 1.08(3 + 518) 
+1.08(-2 -j12) + 0.9(1 + j10) - 1 -j3 


Se Se ROG Otte ok pede OO Ot mL 


+j3(43 - 26 + 19.4 - 13 + 9 - 3) 


= 687 29 Nae eRe 


In like manner, 


Roo—iRe. = 46 MS 2 ore R3 = Rq4 = DS ee Ome 


*11-14 Impedance and gain of 2-element array. 
(a) This is a single-section W8JK array 


From o6CC.. 10=—5, 


Pasa S2= eas 


(b) From (11-5-8) and assuming losses, 


G_(¢) (max) (A/HW) = [(2 x 73)/(73 - 52)]* sin 36° 


2.64 x .588 


S5 Ore 3 .S7GE 


= 6.0 dBi 
11-16 Square array. i\/4 ona side. 
Pattern is a rounded square. 
E,, = 1.00 at ¢ = 0°, +90°, 180° 
E,= 0-895 at @ = +45°, 4135° 


#11-17 Terminated V. Traveling wave. 


(a) The field pattern for each leg of the V is shown at the 
left and the combined field pattern at the right. Minor 
lobes are neglected except for the principal side lobe of 


the V. 
45° Lge ar 


(b) HPBW = | 17° 


*11-18 Seven short dipoles. 4-dB angle. 


The dipoles are assumed to be aligned colinearly so that the 
pattern of a single dipole is proportional to sin @ where @ 
is the angle from the array. Thus, 


mA 


aa 
35h 


Since the dipoles are in-phase, the maximum field is at ¢ = 
90° or ¢ (Emax) = 90°. 


The normalized pattern is given by 


E. = ss _ sin ny/2 sin @ (1) 


z sin 4/2 continued 
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*11-18 continued 


{i 


where n 


y (29 /i90x-0555 ee. COSae 


4 = 20 log x; x = 1.585 


Therefore, En (-4dB) = 1/1.585 = 0.631 


Setting (1) equal to 0.631, n = 7 and solving (see note below) 
yields 


@(-4aB) = 78.39 


Angle from @(Emax) is 


Note: Use trial and error to solve (1) for ¢(-4dB) or 
calculate pattern with small increments in ¢~. The 
Appendix B-2 program may be used, modified with di- 
pole pattern factor included by changing line 80 to 
read: R=MF*ABS(R)*SIN(A) and requesting PRINT in- 
stead of PLOT in line 90 to obtain data of required 
accuracy. 


11-19 Square array. )/2 ona side. 


Pattern maxima at @¢ #E5OVN 4 135° 


Pattern minima at @ 


0°, +90°, 180° 


*11-22 Four-tower broadcast array. 


(a) 


W< 


> E 
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*11-22 continued 
Null at ¢@ = 90° requires that § = +90° or +180° 


For maximum field (fields of all towers in phase) set 


= = — —_ Oo = -_ 
Y= Bd cos bayer 6 0 and 6 90 n/2 rad 
so 
ee ee eeu Gb AS = | 0 354 
BNicHS Cae (27/x) cos 45 
If 6 = -180° = -7 rad, 
eae eee En 707, but this exceeds 0.5. 


(27/X) cos 45° 


(b) Therefore, 6 = 


11-23 Eight-source scanning array. 


¢ = 90° 
y = 0° 
y 
d 
@ d @ d e 8 @ e @ e 
Broadside is at ¢ = 90°. 
Set y= Bd cos Paar 6 = 0 


(a) Therefore, 


aid au : ia [ +15.7°| 
= = = = = ob -. 
é d cos Pmax cos 95 


ki 2 


Thus, depending on whether 6 is +15.7° or -15.7°, the beam 
is 5° left or right of broadside. continued 
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11-23 continued 
In same way, we have 


(b) 6 = for beam 10° left or right of broadside 


CO} f602— +46.6° for beam 15° left or right of broadside 


(dad) From (4-7-7) the angle of the first null from broadside, 
when the sources are in-phase (6 = 0), is given by the 
complementary angle 


= . oo fe) 
Y, = 90 - oe = sin 1) nd) = sin Si ayey = 14.48 
Therefore, BWFN = 2 x 14.48 = 28.96 = 29 


From the long broadside array equation (4-7-10), 


BWFN = 2\/nd = 1/2 rad = 180°/2m7 = 28.659 


The HPBW is a bit less than BWFN/2. For long broadside 
arrays, we have from Table 4-3 (p. 152) that 


HPBW = 50.8°/L, = 50.8/3.5 = 14.59 


*11-26 E-type rhombic. a given. 


From Table 11-1 (p. 507) for a maximum E rhombic, 


H, = 1/(4 sin a) = 1/(4 sin 17). 5m)> =8| 20k 83 
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11-27 Alignment rhombic. a given. 


From Table 11-1 (p. 507) for an alignment rhombic, 


H, = 1/(4 sin T7255) = 0.83 
pee 90% vat 2872. 5 

- . 2 
L, = 0.371/sin a= 4.1 


*#11-28 Compromise rhombic. a and H given. 


From Table 11-1 (p. 507) for a compromise rhombic, 


H, == | 0.5 
mee 0+ — 17.50 = 4) 72.5 
Se fe) 

tan ft Ape ine 17.) |} 

ee A 1 _ 0.5 
: sin 17.5° 2nsin 17.5° tan (msin 17.5°) 
ue 

or ee eee 2, = O56 


tan (26.3°D.) 


By trial and error, L, = 5.14 


11-29 Compromise rhombic. a and L given. 


From Table 11=1)\(p.2507), 


x 
Il 


1/(4 sin 17.5°) = | 0.83 


ae eine 3 - O aaah ay 67° 
3cos 17.5 


*#11-30 Compromise rhombic. a, H and L given. 


From 


S 


where 


By tr 


*11-34 Si 


(a) 


(b) 


Table-1i=—1> (ps..507,,) bottomeentry) 5 


ah ares er ne 
in ¢~ tan a tan (27H, sin a) 4m tan (¥2mL,) 


¥= (1 - sin @ cos a)/2 


jal and error, @ = 


xteen source broadside array. 


From (4-6-9), 


. (e) 
EHP) = C00 Joe eee ee ee 


16 sin (90°cos >) 


By trial and error, 


d = 86.82° 
and HPBW = 2(90° - 86.82°) = | 6.36° = 6° 22! 
From (4-9-10), 
K = 1 (first minor lobe) 
ee i ey yoo eicwrrattn adie te ts 


ML 16sin[ (2+1) 7/32] 
This is only approximate (becomes exact only for very 
large n). 


To determine the level more accurately, we find the 
approximate angle for the maximum of the first minor lobe 
from (4-9-5). 


= ob al De 
ae = cos 1 2(2K + 1) = cos 1 baie Aa = Tou 
2,2, PL ig AMS > 4 z 


Then from (4-6-9) we calculate E at angles close to 79.2° 
and find that E peaks at 79.7° with 


E = 0.22012 “or =13.15,dB 
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*11-34 continued 


(Cc) 


(d) 


Although (4-9-5) locates the angle where the numerator of 
(4-9-5) is a maximum (=1), the denominator is not con- 
stant. See discussion of Sec. 4-9 (p. 156) and also Fig. 
4-28 (p. 157). 


From the equation for D in Prob. 4-32, the summation term 
is zero for da = i\/2 so that D = 16 exactly. 


Since D = 4m7/QNya, Qa = 4N/D = 47/16 = 


HPBW = 1/nd, = 1/(16 x 0.5) = 1/8 rad in @ direction 
BW in ® direction = 27 rad 
Therefore, 


On = 2m xX(1/8) = 17/4 sr and Eu = Ny /2y = 1 or 100% 


This result is too large since with any minor lobes €y 
must be less than unity (or Nm < Na). 


For an exact evaluation, we have from Prob. 4-32 that 


n-1l 


‘) 
Ree. n=-Kk __; 2 
On = ihe nid, cos 6 + —_- Sin(2mkd, cos 8) | | 
r k=1 an 
fe) 
where e. = 90 - 7 
af fe) 
fe) 
4 ¥ 
8, 90 «+ = 
Mee angle to first null 
rrom, (4—7~=77), 
-~ ° -1 Be ° -1 
cS = sin (1/nd, ) = sin bay OhOwe 0.5). | 
= sin’*(1/8) = 7.18° 
Therefore, 8, = 82.82° 
@. = 97.18° 
yer ; continued 


a2 


*11-34 continued 


FHUS; 
; ea . 97.1 
= i d,cos @ 
On a | nrd, cos e: + a sin(27kd, Me 
nd ss 
x k=1 
n-1 
uA 4 n-k e 
|| = —,—|0.125nnd, + — sin(0.251kd, )| 
ro ume | 
d k=1 
See ae ee eee ein a0 aan i sin (0.2am 
16 em x20 25 a 2 
13 sin (On 57 ant 12 sin (0). 57) + 11 sin (0.6257) 
3 4 5 
10. cin (0-75) “+ 22_osin (0.8759) + "= sin’ (1. 00m) 
6 7 8 
7 s 6 ® 5 e 
2 sin ((1.25n) + 2 sin’ (133751) pS eee 
9 10 aval 
sin (1.6259) + 2 sin (1.75)) 2-2 sin ee 
T2 als! 14 
aba BN @ (2-007) | 
15 


0.0982 + 0.03125 [5.740 + 4.950 +°4..003 4 3.000 7 (2a 


HeLel79: + 00492" FeOn a0 755 0m— 05 Sasa 


Ose O34 =O 30S Out Ont 


0.0982 + 0.03125 x 19.312 = 0.702 sr = Ny 


55° = OgiGS 


Ew = My/M, = 0.702/(4/4) = | 0.894 
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*11-34 


(e) 


(f) 


continued 


By graphical integration (see, for example, Sec. 3-14 and 
Fig. 3-16b) €m was found to be approximately 0.90, in good 
agreement with the above result. The graphical integra- 
tion took a fraction of the time of the above analytical 
integration and although less accurate, provided confi- 
dence in the result because it is much less susceptible to 
gross errors. 


As noted in (c), D= 


From D = 49Agn/)\*, 


Rem = DA2/4m = 16)2/4n = | 1.27)2 


*11-40 Pattern smoothing. 


11-43 


Number of elements. 


From Fig. 11-78, 


or 


27nd) jy Se Tee hd) 
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CHAPTER 12 


REFLECTOR ANTENNAS AND THEIR FEED SYSTEMS 


12-1 Flat sheet reflector. 


From (12-2-1) the gain over a A/2 reference dipole is given 


by 
1/2 
LST ; 
Ge(@) = 2. |——_______ jsin (S,cos ¢) | (1) 
R oe sagen re 
11 L 12 
where S spacing of dipole from reflector 


7) angle from perpendicular to reflector 


(See Figure 12-2.) 
Note that (1) differs from (12-2-1) in that Ry; = O in the num- 


erator under the square root sign since the problem requests 
the gain to be expressed with respect to a lossless reference 


antenna. 
Maximum radiation is at @ = 0, so (1) becomes 
1/2 
G.(o) = 2 Pubcon Ney ie sin (27 x 0.15) 
oie eat AR i eo oe 
L 
and for Ry, = 0 
Gp() = | 2.09 | or 6.41 dB (= 8.56 dBi) 
Note that Ri> 1s for a spacing) of 0.3 “(= t2yxgit ow) 
See Table 10-1. 
Row Re 20 0,79 GC. (¢) =.) (189 or 5.52 GB ( = 7.67 GBi) 


Note that Gr(¢) is the gain with respect to a reference i\/2 
dipole and more explicitly can be written Gr(¢) [A/HW]. 


The loss resistance Ry, = 10 N results in about 0.9 @B reduction 
in gain with respect to a lossless reference dipole. If the 
reference dipole also has 10 2 loss resistance, the gain 
reduction is about 0.3 GB. 
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12-1 continued 


The above gains agree with those shown for Ry, = 0 and 
extrapolated for Ry, = 10 2 at S = 0.15) in Fig. 12-4. Note 
that in Fig. 12-4 an equal loss resistance is assumed in the 
reference antenna. 


The pattern for Ry, = 0 should be intermediate to those in Fig. 
12-3 for spacings of 0.125) (=\/8) and 0.25) (=\/4). The 
pattern for Ry; = 10 N is smaller than the one for Ry, = 0 but of 
the same shape (radius vector differing by a constant factor). 


12-2 Square-corner reflector. Mutual resistances. 


From (12-3-6) the gain of a lossless corner reflector over a 
reference \/2 dipole is given by 


1/2 
Se , 
G.(¢) = 2 |{cos (S,cos $)- cos (S,sin ¢)]| 
£ Rees or 2 . 
pte f 14 2: 
For S = j/2 and maximum radiation direction (¢ = 09) this 
becomes 
Fae) As . 
Ge(?) = 4 Tee eee ET = 22,06 05) Osi On ot> 119 GB1i) 
Pon et Seek ee sk ee 


See Table 10-1 and Fig. 10-12 for the mutual resistance values 
for Rj4 at 1A separation and Rj 2 at 0.707, separation. The 
above calculated gain agrees with the value shown by the curve 
in Fig. 12-11. The pattern should be identical to the one in 
Fig. 12-12a. 


*#12-6 Square-corner reflector. 


(a) From (12-3-6) the normalized field pattern for S = 0.35, 


is 
E_(¢) [cos (126° cos ¢) - cos (126° sin ¢)] | 
= 1.588 
(b) R- = Ri + Ri4 = 2Rj 5 =e fact —~“24ce Tr 25 = ses wee 
continued 
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*12-6 continued 


(c) From (12-3-6) for ¢ = 0 and S = 0.35; 


1 
G-(¢) = 2 (73.1/73.3)* x 1.588 = 3.17 or 10.0 GB 
(= 12.1 GBi) 


12-7 Square-corner reflector versus array of its image elements. 


(a) 4-lobed pattern as in Fig. 12-9 with shape of pattern of 
Prob..18256a . 


(c) Ge(¢) = 1.59 or (=6.1 dBi) 


since power is fed to all 4 elements instead of to only 
one. (Power gain down by as factor of 4 or by 6 GB). 


*12-8 Square-corner reflector array. 


(a) From (12-3-6) the gain of one corner reflector with S = 
0.4Xk is given by 


1/2 
2 Cremer gt |[cos 144° - cos 0°)| 


G_(¢) 
7, Sites. Of teeae 


2-x '0.870°X 1e8l'= 3 31570n 210 AB (=12- ico 


Under lossless conditions, 


D= [G_(#) 1° x 1.64 = 16.3 
Thus, the maximum effective aperture of one corner is 


2 2 
za 2 DAVES Orta rere 1.327 


ue, Ant 


The effective aperture of a single corner may then be 
represented by a rectangle 1) x 1.3 as in the sketch 
below. 
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12-8 continued 


(b) 


N 


4/2 dipole 


90° corner reflector 


In an array of 4 refectors as in Fig. P12-8 the edges of 
the apertures overlap 0.3, so that the reflectors are too 
close. However, at the 1) spacing the total aperture is 
4. x 1 = 42 and the total gain of the array under 
lossless conditions is 


G D —— ese 4a a SO--Or i lag fame 8 Ho 8 


No interaction between corner reflectors has been assumed. 


With wider spacing (=1.3\) the expected gain = 16.3 x 4 2 
65: or 18, da5i7 


Assuming a uniform aperture distribution, the HPBW is 
given approximately from Table 4-3 by 


HPBW = 50.8°/L, = 50.89/4 = 12.7° 


To determine the HPBW more accurately, let us use the 
total antenna pattern. By pattern multiplication it is 
equal to the product of an array of 4 in-phase isotropic 
point sources with 1A spacing and the pattern of a single 
corner reflector as given by 


E,(?) = 3 _sin (4msin ¢) iesy © | [cos (0.87 cos ¢) 


A. sin (rsin -¢) 1.809 


-cos (0.8m sin ?) | 
continued 
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*12-8 continued 


The 1/4 is the normalizing factor for the array and 
1/1.809 for the corner reflector. Thus, when ¢ = Wha» 
En(¢) = 1. Note that ¢ must approach zero in the limit in 
the array factor to avoid an indeterminate result. 


Half of the above approximate HPBW is 12.7°/2 = 6.3504 
Introducing it into the above equation yields En(¢) = 
0.703. For ¢ = 6.309, En(¢) = 0.707 as tabulated below. 


Thus, 


HPBW = 2 x 6.30 = 


The 4-source array factor is much sharper than the corner 
reflector pattern and largely determines the HPBW. 


Returning to part (a) for the directivity, let us calcu- 
late its value with the approximate relation of (2-9-4) 
using the HPBW of part (b) for the H-plane and the HPBW of 
78° for the E-plane from Sec. 5-5a, p. 221. 


Thus, 


Die ee OOP ye aor onda) 


12.0 xX) 738 


as compared to D = 50 (=17 d@Bi) as calculated in part (a). 


Although the directivity of 16.3 for a single corner 
reflector should be accurate, since it is determined from 
the pattern via the impedances; the directivity of 50 for 
the array of 4 corner reflectors involves some uncertainty 
(apertures overlapping). Nevertheless, the two methods 
agree within 1 GB. 


* Assuming infinite sides. 
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12-10 Square-corner reflector. 


(a) 


H 
Il 


The pattern in the plane of the dipole (E plane) is that 
of an array of three \/2 elements arranged as in the 
sketch with amplitudes 1:2:1 and phasing as indicated. 


Phasor sketch 


-2 cos (Sy sin 8) 


-1/Sy sin ® 


By pattern multiplication the pattern is the product of 
the pattern of an array of 3 isotropic sources with 
amplitudes and phasing -1:+2:-1 and the pattern of Af 2 
dipole (5-5-12). Thus, 


cos (90°cos 6) 
Eat E - 1/Sy sin@ -1/-Sr sin °| 7 Se Oa OOS 


or, see phasor sketch, 


cos (90°cos 8) 


sin 6 


E = 2 {1 - cos (Sysin 8) ] 


Dropping the scale factor 2 yields the result sought, 
q.e.d. 


12-11 Corner reflector. A/4 to the driven element. 


For the case of no losses, 


D= [G-(9) 1° xX 1.64, and for S = \/4 and @ = 0, 


1/2 


(12-3-6) becomes G.(¢) = 2 2 oe ee 
Pano soe en 35 


Therefore, D = [G_(o) ]°x 1 647e016.9° “or: | 12. 8° abi 
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12-12 Corner reflector. A/2 to the driven element. 


(a) From Prob. 12-10 the pattern in the E-plane is given 


by 
Oo 
° O a 
E.(6) = 2 [1 - cos (asin @)] Cost vE osm (1) 
Se 2 sin 6 


From (12-3-6) the pattern in the H-plane is given by 


E,(¢?) = = [cos (mcos ¢) - cos (msin ¢)] (2) 
2 


Note that E,(@) = maximum for 6 90° while E,(¢) = 


maximum for ¢ = 0°. 


HPBW(¢) and noting from 


(b) Assuming initially that HPBW(é@) 
irectivity is about 12 


Fig. 12-11 that for S = )A/2 the 
aBi, we have from (2-9-4) that 


Q i 


eects al ~ 16 or HPBW(e) = 51° 
eats ee 
HPBW (6) 
HPBW(@) _ 51° ° 
and pe st ee Sa PA 
2 2 


Introducing @ = 90° - 25° = 65° in (1) yields E,(8@) which 
is too high. By trial and error, we obtain E,(®) = 0.707 
when @ = 34.59, 


Therefore, HPBW(@) = 2 x 34.59 = 


Introducing @ = 25° in (2) yields E,(¢) = 0.60 which is 


too low. By trial and error, we obtain E,(¢) = 0.707 when 
go = 21°. 
Therefore, HPBW(¢) = 2 xX 21° = 42° 


(c) The terminal impedance of the driven element is (see 
Prob.12-2 solution), 


Ry =e 73el) + (3h8 02 x ear Geen 
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12-12 continued 


(ad) From Prob. 12-2 solution, 


D= [G.() 1° wilde | 15.4 (11.9 a@Bi) by impedances 
D <= joes = aay (=11.5 dBi) by beam widths 
69°x 42 


The D= 15.4 value is, of course, more accurate since it is 
based on the pattern via the impedances. The two methods 
differ, however, by only 0.4 GB. 


*12-13 Parabolic reflector with missing sector. Effective 


Aperture. 
Sector The full dish has an effective 
removed aperture Ag= 100 m2. Assuming that 
the dish characteristics are inde- 
p- pendent of angle (¢), removing one 


45° sector reduces the effective 
aperture to 7/8 of its original 
value provided the feed is modified 
so as not to illuminate the area of 
the missing sector. However, the 
feed is not modified and, therefore, 
its efficiency is down to 7/8. 
Therefore, the net aperture effici- 
ency is (7/8)? and the net effective 
aperture is 


(7/8)2 x 100 = | 76.6 m2 


*#12-14 Efficiency of rectangular aperture with partial taper. 
Aperture efficiency and directivity. 


From Problem 12-17 solution 


(a) €ap =| 0.81] or 81% 


(Dy) De = 44a xX 0 ox 20-x: 0. el = 2036 ope ese pero h2 Be 
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*#12-15 Efficiency of rectangular aperture with full taper. Aper- 
ture efficiency and directivity. 


From Problem 12-18 solution 


(a) €ap =| 0.657 = 66% 
(b) D = 4m x 10 x 20 x 0.657 = 1651 Or’ 32 dBi 


12-16 Efficiency of aperture with phase ripple. 


Referring to Sec. 12-9, 


let E' (x, Y) max = E(x, Y) max = 1 
—-——" ee ae 
Design Actual 
field field : 
Design: E'ayv = tied | | E(x) .V jiraxdy. (3) 
A 
p 
10A ,5A 
en | | _Y_  axdy = 1/2 
Ay 0 On 452 


Note: This result can be de- 
duced directly from figure by 

E noting that average height of 
triangle is 1/2 max. 
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12-16 continued 


(b) 


(a) 


Utilization factor, ky: 


= : (2) 


* 
Sic Brace Y/ge EN(eY) | axay 
A, BE" av BE" av 


LOD A 
Ghee 5; i E sf dxdy 
ra Sant 5d 


Note that for in-phase fields (12-9-50) is a simplified 
form of (2) giving 


Be 


cals (ay2y* 4/4 = Kk, a6 it), > (4) 


ie 


Design directivity, D(design): 


D(design) = (4/2) (Apky) = (41/2) (1004) (3/4)=[ 940 | 


(5) 


Turning attention now to the effect of the phase 
variation: 


0.866 


continued 
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12-16 continued 


102 5x 
E = pee | cos = sin skoey ax | Y dy 
ce A 0 h O 5h 
p 
=(i/2)- 0.933 
Note that from figures above, 
Oho a ee ee BOO Foe O34 
av 
2 
(d) Achievement factor, kg: 
* 
eee Bi ny i Batley) axdy 
q , 
A, Fav E'av 
k RK cris nd J. NUS rine iA SATE CAPER (A SERRE Ca! ok 
a * 
1 G47] [ECCYT] axay 
A, Fav Fav 
ees (473) =| "O87 
a TAs. wae ee eae Te 
Z aie ee 2 (y/5\)* axdy 
A P(e 2 OS 33 


p 


where E(x) E*(x) = 1 


Note that gain loss due to total phase variation across 
aperture (not surface deviation) is from (12-10-3) 


q 
k_ = cos” (360° Wh) 
g h 
: fe) fe) 
Bee iS Om x: gl 2 en ee 
360 360 
2 fe) : 
or Ky = cos 21.2 = 0.87 = kK, asin (7) 
(Cc) eaDrrectivity: 
Dee (4A/ 2°) kK Xa = 4m x 100 (3/4) x 0.87 \= lade 
continued 
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12-16 continued 


(e) 


(f) 


Effective aperture, A,: 
2 
A. = (A /4m7) D= 


Aperture efficiency, €_: 


€ap == Ka ky = 0.65 


NOTE: 
distance (=A) as is Prob. 


Although phase errors with small correlation 
12-16 reduce the directivity 


and, hence, increase Na, the HPBW is not affected 


appreciable. 


However, for larger correlation distances 


(>>) the scattered radiation becomes more directive, 
causing the near side lobes to increase and ultimately the 
main beam and the HPBW may be affected. 


*#12-17 Rectangular aperture. 


and directivity. 


TX 


E sin 
ro) x 
4% 


E(x) = 


73 


Cosine taper. 


Aperture efficiency 


Although the taper in the 
x-direction is described 
as a cosine taper, let us 
represent it by a sine 
function as follows: 


(aye erent 2+9=50);; 


[E(x) ] 


av 
ap 2 
[E (x) ] 


av 


continued 


*12-17 continued 


where 


i E al 
E(X) ay = ees | E(x) dx = | sin Be ae 
0 


1 
(E,/X,) (-x,/™) cos (1x/x,) iN = (2E/7) 


aa on 
[BP (x) = (1/x,) I, E7 (x) ax (E2/x,) li sin* (1x/x,) ax 


(E°/2) 


ay 
7 GREK 8 
= : = Ole 
Therefore, Ce ae 2 ewer 0.811 or 
2 Zo 
(b) Ae = €ap Aem = 0.81 x 8A x 16A = 103.7)? 


3 oes | 2 eee : 
D = (4mA,/\°) = (4m x 103.7A°)/a° = | 1304 | or 31.2 GBi 


12-18 Rectangular aperture. Cosine tapers. Aperture efficiency 
and directivity. 


Let the distribution be represented by 


E(x,y) = Eo sine sin 
ay Yq 
a 
(a) E({X,Y) oy = ‘ E(x,y) daxdy 
x yy. 
E 1 ie 
= 2 | singe ds | sins dy 
xey 0 1 GANT Ay 
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12-18 continued 


E x x y y 
E(X,Y) ay = g paces =a 1 Protec = | 1 
so. 1 x T y 
dard z 0 af 0 
ee 2 
= 4E/1 
2 1 Pat 2 
[B7(x-¥) Jay = [| 8? Gy) axay 
XY) 0 0 
2 x 4 
E af i, 
= 2 | sin? as ax | sin? ues dy = Ee/4 
XiY1 0 1 0 1 
Therefore, 
[ts *) 
fe) 
iz 1 _ 16x4 _ - ¢ 
Eap = ——__ = —,- = 0.657 or = 66% 
1 RE 1 
4 fe) 
= = Bs 2 
(b) sie = Eap An = 0.657 x 8d x 16A 84.1 A 
4n A 2 
. es kn ie sare ee oy ae [ 1057 | : 
D= eT NEAT Rac 1057 or 30.2. dB 


*12-19 A 20A line source. Cosine-square taper. 


The field along the line may be 
E(x) represented by 
ae 1X 
2X1 
-X 0 +x 


1 if 


——— 20. ————>| 


continued 


Vi 


*12-19 continued 


(a) The field pattern E(@) is the Fourier transform of the 
distribution E(x) along the line. 


Thus, 
+X 2 
Bie) = | 1 E(x) oJ (27™x/i) cos Oe 
=X 
1 
+10) ‘ 
= | cos’ [ (1/2) (x/10A) ] Bo ee oe ? ax 


SLO 
Let s = x/iX from which dx = A ds 


Then 
+10 , 
E(@) = i | cos*(1s/20) e275 © ag 
=O 
+10 : 
eb i 1 + cos(ms/10) j2mscos © ,. 
-10 2 
aLOn 
eA | el2mscos © 4. 
2 =O 
+10 : 
nF Lh | cos(m7s/10) ev Zisccs : ds 
2 = 
and 
Bae), syn ee C20. COS Ci LN Gear eONGeS Once ae 
2m COS ® 2 [2ECOS* Ort SEL L0 erm 
+ 


sin (20 cos © - 1)” 
b2inC OS VO ss ( 21-0) ar i 


sin (207 cos 86) 


2” cos @ 
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*#12-19 continued 


(b) From graph or by trial and error from (1) 
HPBW = 2 (90° - 87.99) = | 4.20 


From Table 4-3 for a 20\A uniform aperture 

HPBW = 50.8/L), = 50.8/20 = 2.5° 
Thus, the cosine-squared aperture distribution has nearly 
twice the HPBW of the uniform aperture but its side lobes 


are much lower with first side lobe down 31 dB as compared 
to only 13 dB down for a 20) uniform aperture distribution. 
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*13-1 


CHAPTER 13 


SLOT, HORN AND COMPLEMENTARY ANTENNAS 


Boxed-slot impedance. Complementary dipole. 


From (13-6-12) the impedance of an unboxed slot is 


ME 35476 
R, + 3X 


Zz 
Ss 


d d 


where Rg is the resistance and Xqg is the reactance of the comple- 
mentary dipole. fThus, 


Pike a, ee Oe eS At olen: 


100 + 40 


Boxing the slot doubles the impedance so 


Zs = 2 X 354.8 = 709.6 = 710 


Open-slot impedance. Complementary dipole. 


From (13-6-12), Pa iti iadclbcai a psec ae Py 


2, 75 


diameter ratio of .37 has a resistance at 4th resonance of 1473 

Nn (or twice that of a cylindrical stub antenna of a length-to- 
radius ratio of 37). The width of the complementary slot should 
be twice the dipole diameter, so it should have a length-to-width 
ratio of %181. At 4th resonance the dipole is 12) long and the 
Slot should be the same length. The pattern will be midway be- : 
tween those in Fig. 9-13 (right-hand column, bottom two patterns) : 
but with E and H interchanged. : 


: 
From Fig. 9-12 a center-fed cylindrical dipole with length-to- 
| 


Nothing is mentioned in the problem statement about pattern so 


the question is left open as to whether this pattern would be 
satisfactory. 
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13-2 continued 


The above dimensions do not constitute a unique answer, as other 
shapes meeting the impedance requirement are possible. 


*13-3 Optimum horn gain. 


lE| 


Assuming a uniform E in the E-direction and a cosine distribution 
in the H-direction, as in the sketches, and with phase everywhere 
the same, the aperture efficiency from (12-9-50) is 


2 
E 
ene Ae = (2/m)* B.*/(Eo/2) = 8/n* = 0.81 
av 


A more detailed evaluation of €gp for a similar distribution is 
given in the solution to Prob. 12-17. 


Assuming no losses, 


Power gain = D = 4mA,¢/}2 


= 0.81 x i fret = 81) 


where A =e€ A € A 
e ap em ap p 


and D = 4m 81 = 1018 or 30 GBi 
The same gain is obtained by extrapolating the ap, line in Fig. 
13-25a to 10\. However, this makes ay) > apf) and not equal as 


in this problen. 
continued 


ae 


i 3-3 


continued 


In an optimum horn, the length (which is not specified in this 
problem) is reduced by relaxing the allowable phase variation at 
the edge of the mouth by arbitrary amounts (900 =) 2m x25 Bad 
in the E-plane and 144° = 2” x .4 rad in the H-plane). This 
results in less gain than calculated above, where uniform phase 
is assumed over the aperture. 


From (13-9-2), which assumes 60% aperture efficiency, the direc- 
tivity of the 10) square horn is 


D= 7.5 X AL/ = 7.5 X tO = 750 OG y29 'GbL 


To summarize: when uniform phase is assumed (€ap = 0.81) as in 
the initial solution above, D = 1018 or 30 dBi but for an optimum 
(shorter) horn (€ap = 0-6), D 750; 0rn290 .dBi: 


13-4 


Horn pattern. 


From (4-14-12) the pattern of a uniform aperture of length a 


is 
es sin (¥'/2) _ Sin (ma, sin @) a 
x y'/2 Ta, sin © 
where a = aperture length = 10\i 


8 


angle from broadside 
(b) From Table 4-3, HPBW = 50.8/10 = 5.089. 


Introducing 5.08/2 = 2.549 into (1) yields E, = 0.707 which 


confirms that is the true HPBW since 


er 2 
P= EL = 0.707 


0.5 


Using (4-7-7) and setting nd) 
aperture, 


BWFN = 2 sin 7(1/a,) = 2 sin >(1/10) = | 11.48° 


a, for a continuous 
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13-4 continued 


Setting nd, = a), assumes n very large and da) very small, but 
we have not assumed that their product nd, is necessarily 
very large. If we had, we could write 

BWFN = 2/a) rad 
and obtain 


BWFN = 2/10 rad = 11.46° 


for a difference of 0.02°. 


13-5 Two A/2 slots. Broadside array. 1\ spacing between centers. 


Thin slots are assumed. 


e 
g@ measured 
—— d=, in plane 
Sal sdbteds 517 | lied nag 
to page 
—— ee 
H H 


The pattern in the E-plane is a circle (E not a function of 


angle) or E(@¢) = 


In the H-plane we have by pattern multiplication that the pattern 
is the product of 2 in-phase isotropic sources spaced 1) and the 
pattern of a \/2 slot. The pattern of the )/2 slot is the same 
as for a \/2 dipole but with E and H interchanged. 


The pattern of the 2 isotropic sources is given by 


En Oe WH pet enn nee) c0sr Soe eats (FA/a) Cos © 


2-cos [(8d/72) cos 6) = 2%cos (mrcos/ 8) 


continued 
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13-5 continued 


The total normalized pattern in the H-plane is then 


cos [(17/2)cos @] 
sin @ 


cos (mcos @) 


*13-6 Boxed slot. Complementary dipole. 


From (13-6-12) we have a boxed slot 


Zim SERA es Ties eur. iF 


90 + 310 


4 


13-7 Pyramidal horn. Tolerances. 


(a) For a 0.1, tolerance in the E-plane, the relation with 
dimensions in wavelengths is shown in the sketch. 


From which, 
L, + 0.1 ap) /2 
2 2 2 
Ly t+ ap,/4 “= Ly + .2b)0c ee 


L) 
with apf, = 8 (given), 


2 


In the H-plane we have from the sketch that 


ayy/2-=—6.33 and ag, = 12.7 


80.25 ay)/2 
@p/2 = tan7! 4/80 = ‘a 


Oy/2 


tan71 6.33/80 = | 4.5 


13-7 continued 


(Cc) 


(b) 


(d) 


If the phase over the aperture is uniform €ap = 0.81 (see 
solution to Probs. 12-17 and 13-3), 


D = 47. xs 6x le.7 x .01 = 1034 or 30.1 aBi 


However, the phase has been relaxed to 36° = 27 x 0.1 rad in 
the E-plane and to 90° = 2m x 0.25 rad in the H-plane, 
resulting in reduced aperture efficiency, SO €ap must be 
less than 0.8. If the E-plane phase is relaxed to 90° and 
the H-plane phase to 144°, Eap v 0.6 which is appropriate 
for an optimum horn. Thus, for the conditions of this 
problem which are between an optimum horn and uniform phase, 
0.6 < E€ap < 0.8. Taking €ap = 0-7 


Dis 49S od 2.7 Xa = 894 or 29.5 dBi 


Assuming uniform phase in the E-plane, 
(HPBW) gp = 50.8°/ap, = 50.89/8 = 6.35° = 
and from the approximation 


ae 41 000 . 41 000 Beis 


(HPBW) , (HPBW) ,, 6.4 (HPBW),, 


so (HPBW)y = 7.2° 
From Table 13-1 for an optimum horn, 


56°/8 = 7° 


W 


(HPBW) ,, 


e7/1267 = | 623" 


N2 


(HPBW) 
The true (HPBW)p- for this problem is probably close to 6.4° 


while the true (HPBW)y is probably close to 53 


€ap = 0.7 from part (c). 
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CHAPTER 14 


LENS ANTENNAS 


14-1 Dielectric lens. Fermat's principle. 


(a) = 3 x 108/5 x 109 = 0.06 m = 60 mm 


F 1 so L = d= 10) = 600 mm (ad = diameter) 


n= 1.4 (see Table 14-1) 


Therefore from (14-2-7), 


(1.4 - 1) 600 


1.4 cos @ - 1 


=300 mm 


Focus L=600 mm Lens 
(lower-half mirror image) 


continued 
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14-1 continued 


(b) From (14-2-14), power density at edge of lens is 


S oO 3 
2 ome me efleteaorons 0 Thisier = 0.35 or 4.6 GB down 
ge (Us qeeeryedGT. 4 ="cos 22°) 


To reduce side lobes, this much or even more taper may be 
desirable. To obtain a uniform aperture distribution, as 
requested in the problem, requires a feed antenna at the 
focus with more radiation (up about 4.6 dB) at 22° off 

axis than on axis. This is difficult to achieve without 
unacceptable spillover unless the lens is enclosed ina 
conical horn, except that at edge locations where E is 
parallel to the edge, E must be zero. To reduce this effect. 
a corrugated horn could be used. 


14-2 Artificial dielectric. 
From Table 14-2 
(a) €y(sphere) = 1+ 47Na3 = 1.4 


At 3 GHz, 2’ = 3 x 108 m s~1/3 x 109 Hz = 0.1 m = 100 mm 


For a << i, take a(radius) = 5 mm from which 
Ne es ee ONO m. 
AR tA? AT (5 x. 4.0. » 4) 


The dielectric volume per sphere = 1/255,000 = 4 x 107° m3 


while the volume of each sphere is given by 


Sl GraPl we BEL Baris 8h eRe) are Se GE 
S| 3 
Therefore, 
volume of dielectric _ 4x LGa° -~ 7.7 
volume of sphere Cac wishes Wea 
(4 x Hemp ee = 1.59 x 10° = 15.9 mm = side of cube 


versus sphere diameter = 2 x 5 = 10 mm 
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14-2 continued 


(b) 


(Cc) 


Cube Thus, there is 15.9 = 10 = 
pee 5.9 mm between adjacent 

| spheres in a cubical lattice 

Sphere so there is room for the 


spheres without touching, 
provided the lattice is uni- 


form. 
15.9 mm 
éy (discs) ="154+ 5.333, N«a? 
Taking a(radius) = 5 mm (diameter = 10 mn), 


N = are ee = | 600,000 m 


5.33(5 x 10 ~) 


The dielectric volume per disc = “oubheks =" 57 x0" vee 


600,000 


-6,1/3 


for a cube side length of (1.7 x 10 -) = 12 mm 


so that there is 12 - 10 = 2 mm minimum spacing between 
adjacent discs in a uniform lattice. 


€_.(strips) cab ef. 178 50 N w? 


Taking w (width) = 10 mn, 


N = Seaaate Sa Ae 


T2855 (10m) 
as viewed in cross section (see Fig. 14-8a). The square 


area per strip is then 
1/51,000 = 2 x 1075 m2 


for a cross-sectional area side length 


(2 x 1075)1/2 = 4.5 mm 
continued 
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14-2 continued 


This is less than the strip width. However, if the square 
is changed to a rectangle of the same area with side length 
ratio of 9 as in the sketch, the edges of the strips are 
separated by 3.5 mm and the flat sides by 1.5 mn. 


Cross section 


, The above answers are not unique 
Stri in and are not necessarily the best 
P solutions. 
Rectangular ab 


area 


*14-3 Unzoned metal-plate lens. 


3° xX 10°73 x 10° = 0.1 m = 100 mm 


0.6, T= 2 so,A = 1/2. (Fig. 14-13) 


r 


n 


(b) Expressing dimensions in i’, we have from (14-4-4) 


ee eee (ke 20567020 fs 8 


1 - n cos ® 1 - 0.6 cos 6 i, =. 0.6 -cos..s 


Line source with 


Fl. to Line 52 Lens 


{ mirror image) 
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*14-3 continued 


(a) From (14-4-2), 


Neco pi (aayab) sane ore bia ae /2t te CR AC 


For n = 0.6, b = 0.625159 = 


Cc)er sh roms Gl4—4—-12 )7;, 
Bandwidth = 2né)/(1 - n#)t, 
t, =.L), - ‘Ry cos @ = 20:=19 cos 15.250 °— 1767 
Therefore, 


2) Xa Or Gage xt4 Ore 


Bandwidth oe ag 
(1 ="0'67)" 2067 


0.28 "Or 28% 
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CHAPTER 15 


BROADBAND AND FREQUENCY INDEPENDENT ANTENNAS 


15-1 Log spiral. 


High frequency limit = 10 GHz, h = 3 x 108/10 x 109 = 30 mm 


Low frequency limit = 1 GHz, d 300 mm 
Take B = 77.69 (see Fig. 15-4) 


Poon (5-3-5) 


r = antiln (@/tan f#) = antiln (0/4.55) 


continued 
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15-1 continued 


Spiral is like one in Figure 15-4. If gap da at center is equal 
to 4/10 at high frequency limit, then gap should be 30/10 = 3 mm 
and radius R of actual spiral = 3/2 = 1.5 mn. 


If diameter of spiral is \A/2 at low frequency limit, then the 
actual spiral radius should be 300/(2 x 2) = 75 mn. 


This requires that 


@ =u4155 In (75/1.5) -=17. 8: = 15ei7 7 


For good measure we make © = 67. Thus, the spiral has 3 turns 
(© = 67). 


The table gives data for the actual spiral radius R in mm versus 
the angle 6 in rad. The overall diameter of the spiral is 96 x 2 
= 192 mm which at 1 GHz is 192/300 = 0.64). 


Calling the above spiral number 1, draw an identical spiral 
rotated through 7/2 rad, a third rotated through 7 rad and a 
fourth rotated through 37/2 rad. Metalize the areas between 
spirals 1 and 4 and between spirals 2 and 3, leaving the remain- 
ing areas open. Connect the feed across the gap at the innermost 
ends of the spirals as in Fig. 15-5. 


Log periodic. 


From Fig. 15-12 let us select the point where a = 15° intersects 
the optimum design line which should result in an antenna with 
Slightly more than 7 dBi gain. From the figure, k = 1.195. The 
desired frequency ratio is 5 = F = 250/50. Thus, from (7) the 
required number of elements must be at least equal to 


ae 2h s'o wd oie Oh log 5 
log k Log, 1.195 


at 250 MHz, \= 1.2m, i/2 = 


If element 1 is 0.6 in long, then element 10 (= n+ 1) is 


at 50 MHz, A 


0.6 x 1.1959 = 2.98 m or approximately 3 m as required. 
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15-2 continued 


Adding a director in front of element 1 and a reflector in back 


of element 10 brings the total number of elements to Ss 


The length 25 of any element with respect to the length 2, of the 


next shorter element is given by 


From (15-5-5) (note geometry of Fig. 15-11), the spacing s be- 
tween any two elements is related to the length 2 of the ad- 
jacent shorter element by 


pee) One S eg ake 8 


2 tan a 2 tan 1S~ 


[Note that (15-5-6) gives s with respect to adjacent longer 
elements. ] 


Finally, connect the elements as in Fig. 15-10. 


15-3 Stacked LPs. 


(a) From the worked example of Sec. 15-5, 
G=) 159) k= 2). 2, F244, n= 7.68) andin fl = 9 
Consider that Amin = 1 m and Amax = 4 ON. 


Therefore, £1; = 0.5 m and £y41 = 21 kM = 0.5 x 1.28 = lg 
='2 


From (15-5-6) the distance between elements 1 and 9 is 
n 
eee where £. = 0.5 m 


1 2 tan a 1 


and 


: 

n 

com yi ee eis Or = OF Leyes 00224090. 268: +) 02322 
4 tan 15 


+0.387 + 0.464 + 0.557 + 0.669 = 3.08 m 
continued 


= 


15-3 continued 


The stacked LPs are shown in side view in the sketch below. 
Elements 1 through 9 are included in the calculation. 
Element 1 is A/2 resonant at 1 m wavelength and element 9 is 
\/2 resonant at 4 m wavelength. A director element is added 
ahead of element 1 and a reflector element is added after 
element 9 making a total of 11 elements. 


In the 60° angle stacking arrangement the stacking distance 
is .5 m or \/2 at 1 m wavelength and 3.65 m or .91h at 4 m 
wavelength. At the geometric mean wavelength (2 m) the 
stacking distance is 1.25 m or .625). 


Reflector at 4m ——~=, 


ry 
Element lengths ee is tos Fd g 


A/2 at 2m 


4/2 at lm 
Director 2 S = 3.65 m 
at 1m 4 or .91A 
at 4 m 


Active 
regions 


Sf= 155m 
or A/2 at 1m 


Total field pattern 


a2 


3 


continued 


Let us calculate the vertical plane pattern at 2 m wavelength 
where elements 3, 4 and 5 of the upper and lower LPs are 
active. As an approximation, let us consider that the 3 
active elements are a uniform ordinary end-fire array with 
spacing equal to the average of the spacing between elements 
3 and 4 and between 4 and 5. 


For element 4 we take 4 Af/2.i Then from (125-5=-6) 


S45 = ak Stl itg ee fat) Fede 234 a7 
4 tan a 4 tan 15° 
and Seam. 187/2.2 = .1551 


OC ee ee eee ee 


2 


The end-fire array field pattern is given by 


at sin ny/2 
3 sin y/2 


ry eee aa ae Eg eet 


where Y/2 = (cos @-1) = 30.8° (cos g-1) 


Each LP (end-fire array) has a broad cardiod-shaped pattern 
like the ones shown in Fig. 15-14a with one pattern directed 
up 30° and the other down 30°. 


The total field pattern in the resultant of these patterns 
and a broadside array of 2 in-phase isotropic sources stacked 
vertically and spaced .625\ with pattern given by 


E = cos {(27 x .625/2) sin ¢] = cos (112.5° sin ¢) 


This pattern is shown in Fig. 11-11. Numerical addition of 
the LP patterns and multiplication of the resultant by the 
broadside pattern yields the total field pattern for \} =2m 
shown in the sketch. At A = 1m the up-and-down minor lobes 
disappear but the main beam is about the same. At A=4mM 
the main beam is narrower but the up-and-down minor lobes are 
larger. 
continued 
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15-3 continued 


(b) Each LP has a gain = 7 GBi. From the equation of Prob. 
4-10, the directivity of 2 in-phase isotropic sources with 
.625)\ spacing is 2.44 or 3.9 dBi. So for 4 = 2 m, the gain 


may be as much as 7 + 3.9 = 10.9 dBi 


At both } = 1m and \ = 4 m the gain may be less than this. 


The HPBW in the vertical plane is about 47° and inthe hori- 
zontal plane about 76°. From the approximate directivity 
relation, we have, neglecting minor lobes, 


De eC Omaree rT Stor |) 1016 aBe 


47 x 76 


Actual directivity is probably ~ 10 dBi. 
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CHAPTER 16 


ANTENNAS FOR SPECIAL APPLICATIONS: FEEDING CONSIDERATIONS 


*16-2 Stub impedance. 


From (16-11-1) , 


Np Z 


7 t jZ tan Bx 
te VSWR = 2.5 Zz, = 2,-—_—___—__ (1) 
Zo ce JZ,tan Bx 


where Zn impedance on line at Vmin = Rm + J0 


Zo line impedance = 50 + j0O n 
Zp = stub antenna terminal impedance = Ry + jXp 


Rearranging (1) in terms of real and imaginary parts: 


Rm -— Rr = (Xp Rp/Ro) tan Bx by equating reals, (2) 
and 
RpRn : . ; ; 
tan Bx = Xn + R,tan Bx by equating imaginaries (3) 
=o 
Rm = 50/2.5 = 20, Ro = 50, tan #x = tan (360° x .17) = 1.82 
From (2), 20 - Rp = Xp 20/50 x 1.82 = .728 Xp 


From (3), Rp(20/50) x 1.82 = Xp + 50 x 1.82; .728 Rp 
From which, Zp = Rp + jXp = | 56 - j50 2 


16-3 Square loop. 


Mp +91 


Squarish pattern with rounded edges. Maximum-to-minimum field 


ratio = 1.14. 
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16-5 Microstrip line. 


From (16-12-4) (see Fig. 16-32), 


Z Z 
rile er emesis I Stee Rate SI ey TER Shirred 
Je, POW7 OC) ore 2) t ZV E+ 
= 2M (eo 70a aaeen eel 
is SOY Za, 
——— W —+| Strip line 


GaMGlc hs. \_- Ground plane 


2.6 field cells under strip plus 2 fringing cells = 4.6 cells 
giving 


iW AY 


alti PDT ek yh 


Z 


II 
Ol 
oO 
~ 


*16-6 Surface-wave powers. Poynting vector. 


2 
E 2 
(a) ft tomenoat we 26.5 Wm 


Zo 377 
E? 2 (3.7.x 208 
(bl 8) ue ee Heer abl = = RZ. =! 00/377)" | 222 eee 
Zo 2% 


= | 182 pwm? 


16-7 Surface-wave powers. Poynting vector. 


2 
E 2 
(aa. <9 r Parenent ixceceied Ata 59.7 Wm 


26 Set) 
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16-7 continued 


2 2 


voy eue “4 E ce Deaa( 20 x 210) 
(b) Siero eneetsr H R22, = elas Se i (1507372) Ps st neato 
Zo Oe 
*16-8 Surface-wave power. 
Z 
£a..2 u E 
Sinto sheet — Bo eck l E ‘ Ro%o 
fe) 
-7 9 i 
RZ = /(pa/20) = 4n x 10 27--x-3-—x10 eT CY BG 
ec re) Y 
2 x 10 
Therefore, 


Seve waneeelsal- 07727) x 9-034 = 1.35 nWm 


16-9 Surface wave current sheet. 


W 


Qm- 2 


K (A m-t) 


By Amperes' law, integral of H around strip of width w equals 
current enclosed or 


: H- ds = 1 = WK 


wH = wK and H = K Note that Hj K 


oat 


*16-11 Coated-surface wave cutoff. 


a= 


: 


eT ae) = 8.89/X. Np ie fs 
A 
(@) 


*16-14 Overland TV for HP, VP and CP. 


(a) 
(Cc) 


and (b) answers in App. E. 


The effect of reflection from other buildings or structures 
(or from aircraft) can be minimized by the use of CP trans- 
mit and receive antennas of the same hand, particularly 
when these structures are many wavelengths in size and re- 
flection is specular. Trouble-some reflections can be 
reduced by placing non-reflecting absorbers on the 
structure. 


16-15 Horizontal dipole above imperfect ground. 


(b) 


1 a -_ 
b= Moe Ee, = 12, 0 = 2 x 10 2 3m = h = i/4 
sina - [ey ~ cos” one 
ce (1) 
sin a + fe ~ cos? aol ea 


cos (2Bh sin a) + jsin (26h si 
Bp=1+p, Leos (28 ) + jsin (26h sin @) a 


-3 
$6 oO 
e- = = ees cea nome 
w €, 28 10° 8.85 x 10 
0 4 $0 ; 
€-= €,- 3) €, = 12 - 40.4 2 12 


Introducing €y into (1), (1) into (2) and evaluating (2) as a 
function of @ results in the pattern shown. The pattern for 
perfectly conducting ground (o = ©) is also shown for compar- 
ison (same as pattern of 2 isotropic sources in phase oppo- 
sition and spaced 4/2). For perfectly conducting ground the 
field doubles (E = 2) at the zenith (a = 90°) but with the 
actual ground of the problem, it is reduced to about 1.55 
(down 2.2 GB) because of partial absorption of the wave 
reflected from the ground. 
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16-15 continued 


Ground constants 


Ground 


ts 
(a) At 100 kHz, Sear 360 and py ts pel 


so the pattern is approximately the same as for o = © in 
the sketch. 


*#16-17 DF and monopulse. 


P 4 re) Oo 
Habe i5o) © seesete seo CO P= os0e0r |i ap 


ay 
P cos (207 + 5°) 
fe) a cos* (20° a 10°) 


21S ae 
Pp Gos at20 2010+) 


A®6 SAGE Or Param eke’ 


Il 
= 
io) 

ll 


P 4 re) re) 
Woche Beta CSS eS PEMe tia eetor “14 dB 


a 
wires TS ie cal 
By cos (25> + 5°) 
Pp 4 fe) fe) 
EMD ale oases ited a Fei raat = 1.933 or | 2.9 @B 
P, cos 4(25%) + °105)) 


continued 
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*16-17 continued 


Pp 4 re) 
(co) a= 5, SW len aes =e =" 1-015 Jor |Monocmae 
ites ol ie 
P cos 5 
1 
Pp yids 
C= Oe ih = BOOS) OT 2 06s “oralmameonae 
4 (e) 
Pi cos 10 


(ad) Over 1 GB more at 59 and about 2 dB more at 10°. 


*16-21 Signalling to submerged submarines. 


q 
From Table A-6, take €y = 80 and o = 4 for sea water. At the 
highest frequency (1000 kHz), o >> we, so that a = /(wo/2) 


can be used at all four frequencies. 


AGS Kize 
a = [(20 10° 4m x 10° /x ayy ae = 0.13 Np m+ 
Since 
E Derek tne eas Sk ory Shee 
Ey a 10 4 


and at 1 kHz, depth y 


at 1000 kHz, 4 


II 
~ 
oO 
OV 
=| 


II 
wW 
oO 
=| 


From the standpoint of frequency, 1 kHz gives greatest depth. 
However, from (16-2-3) the radiation resistance of a monopole 
antenna as a function of its height (hp) is 


R. = 400 (n/n) * (2) 


16-21 continued 


For Ap = 300 m at 1 kHz 


R, = 400 (300/3 x WOcj-esude 10) | (or 400° pm) 


with such a small radiation resistance, radiation efficiency 
Wise wDOULm ent aie the radiation resistance is: a“hun-— 
dred times greater. A practical choice involves a compro- 
mize of sea water loss, land (transmitting) antenna effec-— 
tive height, and submarine antenna efficiency as a function 


of the frequency. 
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CHAPTER 17 


ANTENNA TEMPERATURE, REMOTE SENSING, RADAR & SCATTERING 


*17-1 Satellite TV downlink. 


(a) 


(b) 


Satellite ERP = 35 dB (over 1 W isotropic) 
ERP = PeDe = Pt 40 Aet/i? 
PtAcet = 2 ERP/41 


PeOMe (i) —3 29.) 


S200: PrActAer am ia Aor 
a at ; 
N hie eeqmere 41 kT oyst d Af. 
ERP = 35 GB or 3162 
Doe) og ea re 1 Sans ee em 
2 2 
Sra 3162 x 3.53 
N 4n x 1.38 %210°°" x 100 x 3.6" x 10> x 3) xm 


LG. 6 Or 12) 20GB 


If only 10 daB S/N ratio is acceptable, the dish aperture 
could be 2.2 dB (= 12.2 - 10 @B) less or 60% of the 7 1.52 
= 7.07 m2 area specified in part (a). 


Therefore acceptable area = 7.07 x .6 = 4.24 m2 = mr2 


for a diameter = 2r = 2 (4.24/n)1/* 12 2003 110 


LOZ 


*17-2 Antenna temperature. 


0.92, 1s at 5K 


0.08N, is at 50K 


A 
Therefore, 0.02n, is at 300K 
Prom (l/—2-9)r, 
ed st 
Ty == - pee > 0.92, roe by ia Ox 0.082, TH SOOLS 0.020, ] 
A 


4.5+4+6= 14.5 K 


17-3 Earth-station antenna temperature. 


Prom, (17-2-9) 


er 6 a Ocen 6 2 le Oren! i s00tK eo fen 
A A A 
A, 3 3 


4.8 +0.8.4)204= 2546 9K 


*17-4 System temperature. 


(a) Noise output readings 234, 235, etc. with respect to average 
value (231), are squared, averaged and then square rooted 
for root-mean-square (rms) noise value 4.71. 


The rms noise at receiver is then 


ATA LO xX 2 19-4 = 0.08 K 


(b) Transmission line attenuation 
0.89. 


0.5 dB for efficiency of 


0.09 K 
continued 


Therefore, ATmin = 0-.08/0.89 
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*17-4 continued 


(Copy From) —3—3) 


72 
" AT in (4ft) pve 2 OF TEX 10°x 14)1/2 
sys A 5 


(a) £ oFrom? (4./-2-8) 


2k AT in 23 


AS. a Pea One xe LO <a O09 


mre A 500 
e 


497 mJy, rounded off, = 500 mJy 


17-5 System temperature. 


Fromy(l7-3—))2angs Giy—3—2)) 


T = 15 + 300 | — edhe 1 | 75 + 100 4 | 
95 Roe 40 40 


=) LS + 15 V8 6.98 te 6 ot 5 oe 117.6 K 


*17-6 Minimum detectable temperature. 


(a)*4"For lrdB loss, 65. = 1/1526" —= "37/9 


From! i(1/-—3—1) 


T = 30, 4270 2 ele 20 
79 79 


=) 50) +7236 Oso ilo om kk 


104 


*17-6 continued 


ae ay - 1/2 
Frome (1l7—3-3)), AT in =k Tsys/ (4f eg 9 | 


where n = number of records averaged 


Oya eae) 


UC Mela age Re 
nies 


= 0.058 K, rounded off = 05.06: °K 


(6b) From (17-2-8) 
23 


ra wee UES. x AO. Baer 
AS in = 2 K4Tmin (Ae = = | 220 ry 
500 
17-7 Minimum detectable temperature. 
Ce ae ee pi abed bak 
ChOME S005) 
2 x 1.38 x 1077?x 0.015 
(b) AS in cog pS ee A Aandi eS, Sr net 52 mJy 


800 


(c) ete 0.015//4 "= 10-008 *K 
saa 52//4 = | 26 mJy 


*17-8 Antenna temperature with absorbing cloud. 


From (17-4-1) and (17-2-7) 


2 
AT: Acetate eane\- fae te oC 
Cc Ss 


nn ny continued 


TOD 


*17-8 continued 


2 
5/57.37 = 0.00152 sr, A, = 1/57.3° = 0.00030 sr 


a, = 
WeaeA- JN 0657/50, =P 0 005nST 
A em 
Therefore, 
ape) de 2.00252 400- (r-erty + 200929 2006) = ee 
- 005 005 


17-10 Forest absorption. 


From (17-4-2) 


SNe Sb a 
an te Ao SE 9d 299) eee One neal Te = | 0.693 | 


2kT. a 
(ay gebarth: station. S=. = ¥ 
min 
A 
e 
~ - 2kAT, _ 2kAT,M, 2K TA 
sun ——— = —__ = —_,— 


Assuming 50% aperture efficiency as in Prob. 17-1, 


2 2 
a, = ee pene eae = 1.59 x 10° sr = 5.22 sq. deg. 
Fel np memaen  ase 
2 
Therefore, 
is TO. 4 0,2 


Sax OF XS te a2) 


Nina Decne 100 x oe a 


sq. deg. 


| 
n 
Sc 
pe) 
Nn 
4) 


Il 
» 
0 
fee) 
O 
Ky 
ke 
Nw 
~“ 
Q 
ow 
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*17-11 continued 


i) From (Prob; 17-21 


12.7-12.2 = 0.5 @B more than satellite carrier, resulting in 
degradation of TV picture quality. The phenomenon may be 
described as noise jamming by the sun. 


(c) At half-power, solar noise will be reduced to only 3 - 0.5 = 
2.5 @B below carrier. Assuming low side-lobes, the solar 
interference should not last more than the time it takes the 
sun to drift between first nulls. Using this criterion we 


have 
Time = 4 (min/deg) x BWFN (deg) 
Solar drift 
rate 
From Table A-10, HPBW = 66°/D), = 669/(3/.075) = 1.65° 


and Time s 4x 2x 1.65 = | 13.2 min | 
Allowing for the angular extent of the sun (approx. 5°) 


increases the time by about 2 minutes. 


17-12 Radar detection. 


From the radar equation (17-5-5) 


< ee cai by 3 3,4 2 
= (4x) 5 eee CARP ucLO ta 2. eA am 200 1 a [ 25 mw | 
Pe i re Met pegs oes a = Gin ne Sen, 
GaAs 0 (417/d-) 1 Weg ee, 5 


*17-16 Jupiters signals. 


r = 40 light min x 60 s min71 x 3 x 108 m s“} = 7.20 x 1011 m 


1 ea t 4 a5 pas 
nf af Ame 
P Pp 
PAs = mes x anr? = 10 20, SHIEK ile ec ke 102" = 65.1 kW Hz _ 
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*17-18 Critical frequency. MUF. 


: 


Maximum Usable Frequency for communication via 
ionospheric reflection. 


(a) fp =9 SN = 9 (6 x 1011)1/2 = 6.97 MHz 


5 
-_ -_ 6 Oo 
pucutanys 1 (d72)-7h] a= eben ean | ee eee 
325 x LOT 
cos = 0.447 
MUF = f./cos ¢ = 6.97/0.447 = | 15.6 MHz 
she heealyer 
(b) £5= 9 (10 ) = 9 MHz 
-1 TG exalCg re) 
@ = tan te =O OO OMe, cos @ = 0.344 
2.75 x 10° 
MUF = 9/0.344 = | 26.1 MHz 
(c) £, = 9(8 x 105), eS aM 
-1 5 x 10> ° 
@ = tan ——.— |= 78.69", cos ¢ = 0.196 
10 


MUF = 8.05 x 10©/0.196 = 41.0 MHz 
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17-19 mUF for Clarke-orbit satellites. 


mUF = minimum usable frequency for transmission through 
ionosphere 


(a) mUF = 9(N)1/2 = 9(1012)1/2 = 


Although MUF = mUF, whether it is one or the other, depends 
on the point of view. It is MUF for reflection and mUF for 
transmission. Below critical frequency, wave is reflected; 
above critical frequency, wave is transmitted. 


(b) mUF = 9 MH2/cos 309 = 10.4 MHz 
(c) mUF = 9 MHz/cos 759 = 34.8 MHz 


A typical marke Orbit Sauet GS frequency is 4 GHz which is 
115 (= 4 x 109 {342.8 106 ) times higher in frequency than 
the mUF so that at 4 GHz, transmission through the 
ionosphere can occur at much lower elevation angles than 
eS 


17-23 Effect of resonance on radar cross section of short dipoles. 


. ve 
[ ae (matched dipole, Zr, = Zy) 

Zz 2 

at On tla meg ers eek 8 De Ro ea Pee ap 
Directivity 
aS o, (resonant dipole, Z5= “Ax 
(oy) | 2x 107? 7 
an ye: ee 
continued 
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17-23 continued 


Summary and comparison: 


Case oO Condition 


(a) 0.7142 Resonant short dipole, length 0.1) (27, = -jXa) 
(b) 2 x 1075,2 Non-resonant 0.1’ dipole (Zy, = 0) 
(c) 0.832 Resonant 0.47) dipole (2Z], = 0) 
In (a) resonance is obtained by making Zy;, = -jXqa- In (c) reson- 
ance is obtained (Xq = 0) by increasing the length to 0.47) (with 


Zj, = 0, terminals short-circuited). 


The cross section in (c) is larger than in (a) because the dipole 
is physically longer. 

In (b) the dipole is non-resonant because Z;, = 0 (terminals 
short-circuited) and the length (0.1\A) is much less than the 
resonant length (0.47A), resulting in a very small radar cross 
section. 

It appears that if a short dipole (length < 0.1\) is resonated by 
making Z], = -jXqa, its radar cross section (0.71442) approaches 
the cross section of a resonant A/2 dipole (length = 0.47A), re- 
gardless of how short it is, provided it is lossless. 


A short dipole may be resonated (Zy, = -jXq) by connecting a stub 
of appropriate length across its terminals, 


pole 


thus, 


Stub 


or by connecting a lumped inductance, 


thus, 
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CHAPTER 18 


ANTENNA MEASUREMENTS 


*18-1 Absorbing materials. 1/e depths. 


6(1/e) = 1//finpo = ao (ee 35.6 
Ji(m x 4m x 10 ’x 2 x10“) eas 


(7 
provided o>> we. 
o = 102 gmt 
€ = eye,,=.3°%! 8085 x 10712. Pim=4 


At all 3 frequencies of problem, the condition o>> we is 
satisfied. 


(9) 8(a/e) = 95.6//56 = sa) = 


where 6(1%) = 4.61 x 6(1/e) 


(b) &(1/e) = 35.6/(2x10°) 1/2= §(1%) = 
fe) S(1/e) = 35.6/(3x 10°)’ 7= §(1%) = 


18-2 Lossy medium. Wave absorption. 


Y= j a Jie, = 3 2% (15(1-33) 50 (1-31))7/2= 243 732° 
d 
(e) @) 


Y = 206 + j128 = a + jp 


feyg ies (ien) 1541-53) 750 (1-92) ) © 


re) 
=0.80 - j0.19 = 0.82 /=-13.3 
continued 
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18-2 continued 


(D) 3/1. = 2878.) 0 2n/ (co eo ‘= oem 
(ad) 6 = 1/e = 1/206 = 


(e) x/éd = 5/4.9 


Attenuation = Are Tere 0.357 or 8.95 AaB 
(Ay 76 ak Pes e 
(£).) pa ce OS OBO aed Cee eaia San erie ee eatin 


(Z/Z,) +1 0.80 -j0.19 +1 


1.03 


Thus, a wave incident on this medium is largely absorbed(re- 
flected wave down = 16 dB). 


*18-3 Lossy medium. Complex constants. 


mus : lee ta . Zyl 2 
a pe OL alae Boise y/ors 3) 
fe) 
= US Cer nO /s2 21 eam) A. = 0.01 m 
" ug fe) fe) , 
fe) 
anne (oo 3.34 ) = 800m 
-O1 1.668 


Vays) Saya S Wiens: = 


18-4 Attenuation by lossy slab. Internal attenuation. 


: 27 ‘ 20 : 
A = C/f = 0.5m = xf = = 
O° i, Pa tae eas te EB) F (2 - J2) 
(e) Oo 
a = 40/\) = 8m eee ene ae) ee eae 
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18-4 continued 


adB attenuation = 20 log (1/.00654) = 


Or 52,03 x 8.686 = 43.7 dB 
nepers adB/neper 


*18-5 Attenuation of lossy sheet. 


Mee 3 x 10°73. x 10'= 1 m one nee eon =" 45) 
h 


a = 10n/i, pao eeer von (eC0uyeen asso) 5.5 


aB attenuation = 20 log (1/.828) = 


18-6 Attenuation of conducting sheet. 


Involves loss on entering, loss inside and loss on leaving sheet. 


1/ (mf) 172 provided o>>we 


ron 
Il 


12 


= 10° bm we = 20 x.8. x.10°x8.85..%.10.-4=..0.045 


so condition is satisfied that o>>we. 


8 =<] 


a=-1/(n x S x: 10 x 47° xX 10 x ton 


= 1/1777 


e 1777(.002)_ .-3-554 _ oo86 = attenuation within sheet 


see 
ee 

wave entering ———~ am ———— wave leaving 
Pee Bi 


Sheet continued 


ae 3 


18-6 continued 


Amount of wave entering sheet: 


2. = (w/a) 2/2 745° =. (4 x 10 xeanx 6 x 10°/10°)~7- 
= 2.51 /45° a 
Transmission coefficient on entering = 2 Za/ (2, + Zo) Nolen 


See Xo 2. O1/ (26 Ole tod ees OOS 


Transmission coefficient on leaving = 2 Z 


fe) fe) Vv 
| Le | EY oops ESM MACS E ae SPAR silly a) 7 
Therefore on leaving, E doubles. 
Total loss = 0.013 x 0.0286 x 2 = 7.55 x 1074 
Entering Inside Leaving 


20 log (104/7.55) 


62.4 AB 


adB attenuation from left to right of sheet 


*18-7 Attenuation by lossy mediun. 


Given G = 1.112 x 2Omeerome He Eee 12 
e' = 5 eNue= 2 f = 100 MHz 
= Wes oo = - 
ee e. Boe. nF O/WE.) 5 4 
1.2 


(a) Therefore Z = 377 (ie Nae 377 ine 


: 2 ; : : 
(oye 52 C08 S94) a= ee (se 
(e) Lye 
= is a 8 8 
a= 8m /r, Ws = C/Ain=.3 4X20; LO om 
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*18-7 continued 
e ** = 0.1, corresponding to 20 dB attenuation 


-ax = ln 0.1 = -2.30 


x = 2.30/a = 2.30 A. /8m = 2.30 x 3/8m = 


*18-8 Absorbing sheet. 


Entering ee > + |—— Aluminum 

——————— , sheet 

Wave 

No not 8 

reflection 

here in or 

out Absorbing 

sheet 
1/2 3 x 10° 
% = 377 ((6 - 36)/(6'— 436)] ’ “= 377 2 Lo = ——_-——, = 0-6 
5ex: 10 

Therefore, wave enters without reflection 

Oe +5 Lee we sf 1t2aF : 

y= 4 (peas) 2] = 4) fe 36) 
“it fe) 
Gal 25/ ko 
20° Tog x= .307- x s-antilog-1.5,= 31.6 
piventation = e'2* = e0%-"= 1/31.6 -a2d = -3.45 
3:74 5X. 
_ pipes geared pcr eee 
2 12k 2a ed 
*18-9 Reflection from dielectric mediun. 
24 is ac 
Reflection coefficient = p. = 
Vv 
TPES ZG 
continued 


2 Wa) 


*18-9 continued 


24 = 377 (ieee ae = 377 [1/(2 - j2)}1/% = 224 /22.5° 


(@) 
Z./Z_ = 224 422-5" _ 1594 /22.5° = .55 + 3.23 
a’ oOo 
a7 
CZ, 2s ie 2. 
= GOs a soe oe 
(Z4/2,) #04 


Reflected wave power = .322 = .102 or | 9.9 dB down 


Py 


18-10 CP wave relection and transmission. 


~ APA eed ee tbe Leys 2 a 
(Bb Zee ust 7 (W/O (PST AC ee) 7a aac) 
Therefore reflected wave PV =) 67) 
eae a eet 2 eee } 
(by ge 5S 2h (3 8h eS eee 
A x 
Oo fe) 
Si re 10° 
a= 67/), Le = c/f = ———_, = 1.5 m 
2X5 10 


= Ox ee ent OR / de OC 2 eee ee 


Attenuation = e = 0.081 
2 2 Eacdee 
Wavel Py = 2) eae oho o6 awrime 
Zo 377 
PV at 200 mm depth = .0106 x .0812 = 7 x 107° W m-2 


70 pW m2 
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18-11 Radar cross section. 


Assuming sphere radius = 5) is enough larger than A that formulas 
of Table 17-1 can be used. Thus, for a sphere 


Radar cross section, og = ma*, a= 5h. 


10log x = 8 or x = 6.3 


Therefore, o (object) = dg x 6.3 = 7s x 52 x 6.3 = 495 2 


18-12 Aperture efficiency from Cygnus A. 
From App. A-7, the flux density of Cygnus A at 2.7 GHz is 785 Jy. 


From (18-6-16), 


okAT 2a 


A. Bie eet ee BEX 10 ea a2 
Ss 785 x 107° 

Ap =17 102 = 314 m2 

ay AL/AD = 179/314 = 0.57 or | 57% 


18-13 Jaumann sandwich absorber. 


Use either transmission line theory or a Smith chart as illustra- 


Za of dielectric medium = oa DS OS eae 359 2 per square 
JE, fh Pek 


A Dielectric... => | 


A/4 h/4 


R: 2565 25 250 2 per square 
Rn = R/Zq = 4.35 1.74 OF 7 9 
Gn = 1/Rn = 223 so7 1.4 continued 


Bee dy J 


18-13 continued 


Ling m7 


Wave; 
oo 


Y 


@ 
le 
e 


[] 


fi 
iH 


0.49 


H 
EA 
Hi 


i 
We 
i 


TECTION CORMIER Tee 
a 


a 


4 


7 e 

s eo vO (> C2 “, —YD YD 

KKK 5 cS SERS Eee fe aes, 
meee SSS RRIOY MRK aes 
SS OK SSO AT KOS 

acs SETA 


oe SS ox : 
SSS SSS SSSR ONS LES 
SSN ha sf 
CS Se ee 
CA OXY (7 Be, ‘s / 
SRSKRBX SEER co t/ & 
NEAR XSKOSG SORE Roce AS a 
REO OTE Oi 
3 Cy : ee Stor o 
e 


28 


18-13 continued 
Enter Smith chart at Y = © (short circuit) (point 1) 
ROP VI £40577 >) MOVE. 2.25 XP1.5)= 2.3752 (to point 2) 
Add Gyn = 1.4 (to point 3) 
Move .375i (to point 4) 
Add Gy = .57 (to point 5) 
Move .375\ (to point 6) 
Add Gyn = .23 (to point 7) 
Atipointe7; YY, = .97°+' 45.08 
The center point of the chart (for the dielectric medium, €; = 
1.1) is at Yyp = 1.0 +30. The air to the left of the sandwich has 
an intrinsic impedance 
Zo(air) = 377 N/square 
and the dielectric sandwich to the right 
Zqa(dielectric) = 359 N/square 
Their admittance ratio is 
Y, (air) 


Bi Sener Os" 95° 4+ 96 
Yq4 (dielectric) 


so that the match point (M.P.) for the dielectric sandwich to 
match the air is at 

Yavin 95 +" 40 
Normalizing the chart to air 


_ .97 + 5.08 
95 


Y, (air) = 1.02.-+ 3.084 (point 8) 


This is on the VSWR = 1.07 circle 
continued 
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18-13 continued 


Therefore reflection coefficient, 


Jo | = VSUR a orad, dori26eaB down 


VSWR +1 


In the same way obtain Ip! for other f/f) values to determine 
bandwidth for which 
lpl < 0.10 (20 GB or more down) Ans: ae bese 


The dielectric-to-air mismatch results in a reflection coeffi- 
cient 


| 0 | = ode = 0.024 or 32 dB down 


SYM AT as Bow, 


Although the above analysis and that of Nortier, Van der Neut and 
Baker takes this into account, the effect is small. 


Note that the calculation is for normal incidence. 


Note also that the 6-resistance absorber of Fig. 18-12 has 
approximate exponential tapers in both resistance and spacing. 


Nortier, Van der Neut and Baker determined the reflection coef- 


ficient using transmission line equations and a computer pro- 
gram. 
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INDEX * 


Maat oiig Macenials (loa) 1M, C88) 11 5018-13). 11:7 
Aperture 

efficiency (2-2) 2 

with phase ripple (12-16) 70 

with tapered distribution (12-14) 69, (12-15) 70, (12-16) 

PO pe 2), ) ee A ee Leone aged 1221-9 Jac] 5 

Array 

of seven short dipoles (11-18) 53 

of three sources, D-T distribution, (4-34) 22 

of three sources (unequal) (4-41) 24 

of two sources, patterns (4-38) 23, (4-39) 24 
Breliticial dielectric (14-2) 85 
Attenuation by conducting sheet (18-6) 113 


Back lobe pattern (5-13) 31 

Paconical antenna, 2 (8-3) 45 

Bow-tie antenna (8-4) 45 

Broadcast array, 4 tower (11-22) 54. 
Broadside array, directivity of, (4-32) 21 
Broadside array, 16 sources (11-34) 58 


Circular depolarization (2-26) 13 

Circularly polarized wave (18-10) 116 

Coated surface wave cutoff (16-11) 98 

Conical antenna (8-6) 45 

Conical pattern (5-9) 29, (5-10) 30 

foeuer rerlectors (12-2) 63, (12-6) 63, (12-7) 64, (12-8) 64, 
Mi2—-10) 67,7 (12-11) 67, (12-12) 68 

Critical frequency (12-18) 108 

G@zoss-field (5-12) 33 

Cygnus A, aperture efficiency from (18-12) 117 


Depolarization ratio (2-26) 13 

Dielectric, artificial (14-2) 85 

Dielectric medium, reflection from (18-9) 115 

Eepote, electric (5-1) 26 

Dipole, short (5-8) 29, (5-14) 31 

Direction finding (16-17) 99 

Directive gain (4-45) 25 

perecrivity (2-1) 1,7 (2-2) 2-(2-4) 3, (3-1) 14, (3-2) 16, 
O36 ).117 (4=31-) 197 (4-32) '°21 

Dolph-Tchebyscheff arrays (4-7) 18, (4-34) 22 


Echelon array (5-4) 28 
Effective aperture (2-3) 2, (2-4) 3 
Elements, number of (11-43) 61 
End-fire array, ordinary, directivity of (4-31) 19 
End-fire 2-source array (4-11) 18 
End-fire 12 source array (4-24) 18 
with increased directivity (4-26) 19 


*Index reads as follows: Entry (Problem number) page 


Zt 


Forest absorption (17-10) 106 
Four tower BC array (11-22) 54 
Friis formula’ (225) 3, €227)) 472-6) ae G2 oe 


Gain, array of 2 4/2 elements. (11-1) 49) “Qil-2)) 50,841 to on 
Gain of W8dK array (11-14) 52 
Ground, imperfect, effect on patterns (16-15) 98 


Half-wave antenna (5-3) 27 

Helical antennas, 
axial mode. (7—1.). 41, (C732) Ai yiGs3) err nere) e 
normal mode (7-6) 44 

Horns: (Cl s—3) 6.797) (15-4) 0, ec Clo) 62 


Impedance of D-T array (11-7) 51 
Impedance of W8JK array (11-14) 52 
Impedances, 
antennas in echelon (10-3) 48 
5 A/2 antenna (10-1) 47 ; 
side-by-side antennas (10-2) 47, (10=5) 48 
Isotropic antenna (5-7) 28 


Jaumann sandwich absorber (838-13) 5 117 
Jupiter signals (17-16) 107 


Denscewera lio 4 (43) uc / 
Link, 
Mars (2-8) 4 
Moone @2—07 m5. C2217 )9 
Sateen ses — 1 jl O27 
spacecraft (2-6) 3, (2-7) 4 
Log periodic (5-2). 90% (15-3998 
Log Spiral "(15-2 ): 89 
Loop, 
circular (6-7) 37 
directivity (6-5) 35 
radiataon resistance (6-4) 3570 (6-5)io> eo oy aor 
square (6-2). 34,. (6=6) 36, ¢16—3)7,95 
L/MOmerameteiy G6—49)' +54 
SX, BECO), 34 
Loop-dipole for CP (6-9) 38 
Lossy medium (18-2) 111, @18=3) il? Cle 4a ee eel lay 
C= 7 eel 


Maximum useable frequency (MUF) (17-18) 108 
Microstrip line (16-5) 96 
Minimum useable frequency (mUF) (17-19) 109 
Minor hobo varea. (5-4) <1-/ 
Moment method 

charged rod (9-2) 46 

4/10 dipole (9-6) 46 
Monopulse (16-17) 99 


UPA? 


Overland TV (16-14) 98 


Parabolic reflector, missing sector (12-13) 69 

Betcern factors (5-15) 32 

Patterns over imperfect ground (16-15) 98 

Patterns in 9 and @ (5-11) 30, (5-12) 31 

Phase patterns (4-14) 18 

Poincaré sphere (2-14) 8 

Point sources, directivity, (3-1) 14, (3-2) 16 

merization (2-10) 5, (2-11) 7, (2-12) 7, (2-13) 7, (2-14) 8, 
O15) 3, (2-138) 9; (2-19) 10, (220 tet, t= 21710, (2-22) 
mee C2—23) 2 U2 

Poynting vector (2-23) 12, (Gea) see eww ys) Ob sy 0 16< 157 }°.96; 
(16-18) 97 


Radar cross section (17-23) 109, (18-11) 117 
Radar detection (17-12) 107 
Radiation intensity (2-1) 1 
Radiation resistance (5-16) 33 
Reflector, 
flat sheet (12-1) 62 
parabolic, missing sector (12-13) 69 
Bovare-corner (12-2) 63; (12-6) 63, (12-7) 64, (12-8) 64, 
treetin Gy, C211 bBig 12-12). 68 
Rhombic, 
alignment (11-27) 57 
Compromise (11-28) 57, (11-29) 57, (11-30) 58 
E-type (11-26) 56 


Sandwich absorber (18-13) 117 
Satellite downlink (17-1) 102 (see also Link) 
Scanning array (11-23) 55 
seers (13-1) 78, (13-2) 78, (i>). 814° (13-6) 182 
Smoothing of pattern (11-40) 61 
Soiar interference (17-11) 106 
Solar power (3-3) 16 
Baere array (4-2) 18, (11-16) 52, (11-19) 54 
Square loop (16-3) 95 
Stray factor (4-45) 25 
Stub impedance (16-2) 95 
Submarines, communication with (16-21) 100 
Superiuminal velocity (2-27) 13 
Surface-wave, 
current sheet (16-9) 97 
eutoff (16-11) 98 
powers (16-7) 96, (16-8) 97 
System temperature (17-4) 103, (17-5) 104 


Temperature, 
with absorbing cloud (17-8) 105 
GOfeantenna Ol7=2) L037) (17-3),.103 
minimum detectable (17-6) 104, (17-7) 105 
system (17-4) 103 


E28 


Traveling wave antennas_ (5-6) 28 
Triangular antenna (8-5) 45 
Two wavelength antenna (5-2) 27 


; V antenna (lien, )) 53 
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